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Report 10830-F-l, Phase I, Supplement 1 

FOREWORD 

(U)   This report delineates the technical accomplishments of the ARES 

Advanced Development Program, Phase I, of Project 682A, Contract AF 0A(611)- 

10830.  The period of performance was from 1 July 1965 through 31 January 1968. 

The work during this period was directed primarily toward demonstrating the 

practicality of advanced components and subsystems considered critical to the 

Integrated engine module design. Analysis, design, fabrication, and test 

activities are summarized. All program accomplishments prior to 27 January 1967 

Als 
(2) 

was performed under Contract F04611-68-C-0008. 

(U)   All work was performed by Liquid Rocket Operations of Aerojet-General 

Corporation for the Air Force Rocket Propulsion Laboratory at Edwards, 

California. Mr. R. Belchel is the Aerojet Program Manager, and Mr. C. D. Penn 

is the Air Force Program Manager. 

(U)   This technical report has been reviewed and is approved. 

C,   D.  Penn 
Program Manager 
Liquid Rocket Division 
Air Force Rocket Propulsion Laboratory 
Edwards, California    93523 

(1) Advanced Rocket Englne-Storable, Phase I Interim Final Report, 
AFRPL-TR-67-75, August  1967 

(2) Throttling and Scaling Study for Advanced Storable Engines, 
Report AFRPL-TR-68-2,  January 1968 

11 

were reported in an interim final report.    Also, related classified work 

i 

a 
] 

CONFIDENTIAL [j 
(This page is Unclassified) 

J 



UNCLASSIFIED 

Report 10830-F-l, Phase I, Supplement 1 

UNCLASSIFIED ABSTRACT 

(U)   This report summarizes the Phase I work of ARES Program, Contract 

AF 04(611)-10830. The period of performance was from 1 July 1965 through 

31 January 1968. 

(U)   The objective of this program was to demonstrate the engineering 

practicality and performance characteristics of a high chamber pressure, staged 

combustion engine.  The program was to be conducted in two phases. Phase I 

was to demonstrate critical engine features by component testing. Demonstration 

of the assembled engine system was to be accomplished in Phase II. 

(U)   Phase I is now completed and all critical engine features have been 

demonstrated. This engine concept is ready to proceed into the Phase II 

program.  Specific accomplishments of the Phase I program are as follows: 

(1) Master layouts for two engine designs were established. One uses 

a turbopump with the shaft axis oriented perpendicular to the thrust axis, 

while the other uses a turbopump with the shaft axis oriented in line with 

the thrust axis. 

(2) A master layout was established for a propulsion system utilizing 

20 engine modules in a cluster, with all modules exhausting into a single 

large forced-deflection nozzle. 

(3) Detail designs for all the engine components tested in this 

program were prepared. 

(4) The primary injector and combustion chamber for production of the 

turbine drive gas were demonstrated. 

(5) Performance and durability of the cooled thrust chamber and 

secondary injector combination were demonstrated. 

iii 

UNCLASSIFIED 
—      ' -   ■'- —' ■-   ■■ —"  —  ------ — 1 



(9) Propellant flow control components and shutoff valves for the 

engine were demonstrated. 

(10) A layout design of the engine evolved from the testing effort was 

prepared. 

(11) Several supporting studies were completed that provide additional 

design criteria in such areas as nozzle aerodynamics, low-frequency stability, 

fluid flow characteristics of propellant and turbine drive-gas passages, and 

design changes required for conversion to advanced storable propellents. 

iv 
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UNCLASSIFIED ABSTRACT (cont.) 

(6) The feasibility of lubricating turbopump bearings with the 

storable propellents used in the engine was demonstrated. 

(7) Pump wear ring designs that permit high pump efficiency operation 

without need for high tolerances and with no risk of explosion hazard from 

pump rub were demonstrated. 

(8) The weight and practicality of two types of multipurpose housings 

for the turbopump and primary combustion chamber assembly were demonstrated. 
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SECTION I 

INTRODUCTION 

(U)   The objective of the ARES Program was to demonstrate in a two-phase 

eff rt the engineering practicality and performance characteristics of a high 

chamber pressure, staged combustion engine. The program was to be accomplished 

in two phases. Phase I was to demonstrate critical engine features and the 

demonstration of the assembled engine system was to be accomplished in Phase II. 

All critical component testing was accomplished using full-scale hardware 

operating at engine design conditions. The engine components tested were the 

cooled thrust chamber, integrated turbopump housing, propellent-lubricated 

bearings, pump wear rings, annular primary combustor, hydrostatic combustion 

seal, an-' controls. In addition, the Phase I effort included analysis, design, 

and test activity un several other aspects of the overall engine and of its 

unique components. 

(U)   All components tested, with the exception of the hydrostatic combustion 

seal, were successfully demonstrated. The hydrostatic combustion seal is not 

used in the finally selected engine configuration. Therefore this engine 

concept is ready to proceed into Phase II. The Phase I program, with the 

exception of the cooled thrust chamber demonstrations, hydrostatic combustion 

seal demonstrations, and final engine design was completed prior to 

27 January 1967. At that time the program was extended for one year in order 

to solve a basic incompatibility problem between the injector and cooled 

thrust chamber and then to conduct the required cooled thrust chamber demon- 

stration tests. Combustion seal demonstrations and final engine design were 

also to be completed. All program accomplishments prior to 27 January 1967 

were reported in the Interim Final Report (Reference 1).  This report contains 

the detailed results of effort accomplished in the Phase I extension program 

and a summary of the entire Phase I program. 

(1) ARES, Phase I Interim Final Report, AFRPL-TR-67-75, August 1967. 
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SECTION II 

SUMMARY AND CONCLUSIONS 

A.   ENGINE AND PROPULSION SYSTEM DESIGN 

(C)       ARES Is a 100,000-lb-thrust rocket engine that uses N-O./AeroZINE 50 

propellents and embodies advanced features resulting In higher performance and 

lower weight when compared to conventional rocket engines. High performance 

results from use of the staged combustion cycle and high thrust chamber 

pressure (2800 psla).  In this staged combustion cycle, nearly all of the 

oxldlzer and 18% of the fuel are burned In the primary combustor to produce a 

1200SF gas to drive the turbine. This gas then exhausts into the thrust 

chamber where it is combined with the remaining fuel. Use of this cycle 

permits high chamber pressure operation without any turbine drive losses which 

are characteristic in conventional engines using the gas generator cycle. The 

high chamber pressure permits use of a higher area ratio nozzle which further 

increases performance. The staged combustion cycle is best exploited in an engine 

which is highly integrated so that the turbine can exhaust directly into the 

thrust chamber. This also results in a significant weight savings. By using 

high strength materials such as Inconel 718, further weight savings result. 

(U)       The latest configuration of the ARES engine, incorporating the 

experience gained in the 10830 Phase I contract, is shown in Figure II-1 and 

is described in Section III of this report. The evolution of this engine 

through the Phase I program period is summarized below. 

(U)       At the initiation of the Phase I program, the engine was conceived 

in two basic configurations: T and Inline (see Figures II-2 and II-3).  In both 

of these configurations, the turbopump is mounted on top of the engine. The 

rotating part is a single shaft on which a single-stage turbine, the oxldlzer 

pump and the fuel pump are mounted. Shaft bearings are propellent lubricated. 

Page II-l 
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II, A, Engine and Propulsion System Design (cont.) 

Oxldlzer Is ducted through Internal passages In the housing thus ensuring a 

cool running engine. The primary combustor and Injector are Integrated Into 

the turbopump housing.  The T engine uses a high pressure Interpropellant 

combustion seal to Isolate the fuel pump end. The Inline engine uses a low 

pressure vented cavity seal between pumps. The shaft rotating speed Is 

40,000 rpm for the T engine and 30,000 rpm for the Inline engine. The T 

engine was the prime candidate because of Its more Integrated design. The 

Inline configuration, Incorporating a turbopump of more conservative design, 

was carried as a backup.  Turbopump component testing was conducted on 

housings, bearings and pump wear rings that are applicable to both designs. 

The combustion seal Is only used In the T engine. The primary combustor was 

sized for the T engine but need be only one Inch greater in diameter for 

use In the Inline engine.  Secondary Injector, thrust chamber, controls, 

boost pumps and suction valves are Interchangeable between engines. 

(U)        The final selection between these two engine configurations was 

made during the Phase I extension program period (27 January 1967 through 

31 January 1968). The Inline configuration was selected because the turbo- 

pump housing for this configure  n is significantly less expensive and its 

development posed less risk than the T-englne, particularly in view of the 

difficulties encountered with the combustion seal. 

(U)        Two thrust chamber cooling methods were evaluated in this program: 

regenerative and transpiration. At program initiation, regenerative cooling 

was the primary candidate because of the extensive background on this type ot 

cooling. The transpiration-cooled chamber proved to be the most practical 

design during the Phase I program testing and was selected for use in the 

ARES engine. 

(U)        The final ARES engine configuration, shown in Figure II-l, uses 

the Inline turbopump and the transpIrawii ^-cooled chamber and is described in 

Section III. 
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II, Summary and Conclusions (cont ) 

B.   TURBOPUMP ASSEMBLY 

It  General 

(C) The ARES turbopump consists of a two-stage fuel pump, a 

single oxldlzer pump, a single-stage turbine, and associated power transmission 

assemblies mounted In a housing. Propellent is ducted through the housing 

insofar as possible to minimize external plumbing and provide cooling for the 

housing.  Thrust takeout is provided by a pad located on top of the housing 

ar  the thrust chamber is mounted on the bottom of the housing. The primary 

combustor and Injector are contained within the housing. Oxldlzer pump discharge 

pressure is approximately 5800 psla.  First-stage fuel pump discharge pressure 

is approximately 5500 psla, and second-stage fuel pump discharge pressure is 

approximately 6200 psla. Two turbopump configurations, T and Inline, were 

designed in this program. These are described below. 

(C) The T turbopump (Figure II-4)" consists of i two-stage fuel 

pump and a single-stage oxldlzer pump at opposite ends of a common shaft, 

driven by a single-stage turbine located between pumps. The turbine is driven 

by oxidizer-rlch gas provided by an annular primary combustor located between 

the oxldlzer pump and the turbine.  The bearings are lubricated by the 

propellants.  Separation of fuel and oxldlzer along the shaft is attained by 

a unique hydrostatic combustion seal whi~.h deliberately leaks a metered 

amount of fuel into the turbine exhaust. The entire package of rotating 

machinery and primary combustion chamber is enclosed in a high-pressure 

housing, which also acts as a thrust takeout member and as the propellent 

distribution medium from the pumps. 

(U) The Inline turbopump (Figure II-5) has its shaft oriented 

along the thrust axis. The turbine is mounted on the lower end of the shaft 
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U 

and exhausts into the thrust chamber. The oxidizer pump Is mounted In the 

center of the shaft, and the fuel pump Is mounted on the upper end of the 

shaft. The turbine is driven by oxidlzer-rich gas provided by an annular 

primary combustor located at the lower end of the housing. Bearings are 

propellent lubricated. Separation of the fuel and oxidizer along the shaft 

is attained by a low-pressure vented cavity seal located between the suction 

side of the two pumps. This seal is similar in concept to that used in the 

Titan I second-stage engine auxiliary turbopump assembly. No purge was used 

in that design, which is flight demonstrated. Propellents were LOX/RP-1. 

This type of seal has not been demonstrated with hypergolic propellents. 

Therefore, provision for a purge is provided if a purge is needed. The entire 

package is mounted in a high-pressure housing which also acts as the thrust 

takeout structure. Oxidizer distributed in the oxidizer pump housing provides 

cooling around the parts containing hot gas. 

(U) A detailed design was prepared for the T turbopump. A 

layout design was prepared for the Inline turbopump with details of tested 

components. Critical component demonstration testing was accomplished on 

components for both turbopumps. This testing had the following objectives: 

a. Demonstrate the feasibility of lubricating rolling 

contact bearings at 40,000 rpm (DN of 1.6 million) in both of the propellents. 

b. Demonstrate the structural integrity of the turbopump 

housings under various imposed structural end vibrational loads. 

c. Demonstrate successful operation of the hydrostatic 

combustion seal in simulated engine operating conditions. 

d. Develop pump wear rings that will provide edequate 

pump efficiency by operating at very close clearances, but with minimum 

explosion hazard from pump rubbing. 
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e.  Design and test a purge seal to be utilized If the 

hydrostatic combustion seal Is found to be not feasible. 

2.  Turbopump Housing Development 

(C) Integrated turbopump and primary combustor housings were 

designed and tested for both the advanced T and the backup Inline turbopumps. 

The contract requires that the housings not weigh more than 350 lb, that 

they have a permanent axial deflection less than 0.020 la« s and that the 

radial misalignment be less than 0.008 in. at 1.4 times nominal design 

pressure and thrust, applied simultaneously. Also, the housing cannot have a 

critical vibration mode in any axis of 667 + 10% cps, either without internal 

pressure or when pressurized to 1.2 tiroes  design pressure under an excitation 

force of 1-g input.  It is also Important that the housing have a low-pressure 

drop across the propellant distribution passages, that it adequately cool 

Itself with the propellant flow, and ".'-.hat it permit easy Insertion and 

removal of the turbopump and primary combustor components. 

(U) Analytical stress methods are not adequate to treat the 

three-wall structure used for zhe T configuration advanced turbopump. 

Consequently, single-wall, double-wall, and photoelastic models were built 

and tested to obtain necessary design data for the full-scale three-wall 

structure. This work indicated the actual stresses that would be encountered— 

generally lower than predicted by stress analytical models—and suggested 

design changes to optimize the configuration. 

(C) One of the two full-scale models were electron-beam welded 

and one was plug welded.  Manufacturing difficulties were experienced with 

both housings but refined welding and heat-treat methods solved these problems. 

Pressure testing was accomplished (1) with Internal pressures simulating actual 

engine operating conditions, (2) with 50% design thrust load and no Internal 

Page II-5 

CONFIDENTIAL 



» .  

CONFIDENTIAL [] 
Report 10830-F-l, Phase I, Supplement i 
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pressure, and (3) with combined thfst loads and Internal pressures, both 

at 1.4 times nominal design values (140,000 lb of thrust and 8400-psi internal 

pressure). The T-housing tested together with test conditions is shown in 

Figure II-6. The housing weighed 300 lb as compared to a target weight of 

350 lb. The weights of the primary injector and rotating components are not 

included. 

(U) These tests and the subsequent vibration tests demonstrated 

the ability of the design to meet contractual requirements, and also indicated 

several desirable improvements that should be Incorporated into the housing 

design if it were to be carried on into Phase II of the program. This 

housing would make greater use of castings and would have modified propellant 

passage design to improve cooling. 

(U) The Inline housing test prsgram was simpler because it Is of 

more conventional design. Pressure testing accomplished under similar 

conditions to those in the T housing proved the structural integrity of the 

Inline housing.  The Inline housing tested together with test conditions is 

sbjwn in Figure II-7. This housing weighed 230 lb as compared to 300 lb for 

the T-engine turbopump housing. 

3.  Propellanc-Lubficated Bearings 

(C) The program objective was to demonstrate the feasibility of 

eliminating conventional lubrication systems for the turbopump bearings by 

use of propellant lubrication.  The program requirements were to test both 

the ball and roller bearings for at least 12 min of operation with N„0. and 

with AeroZINE 50 at rotating speeds of 40,000 rpm (DN of 1,600,000).  During 

the 40,000-rpm tests, the tandem ball bearings were to be subjected to an 

axial load of 2,500 lb for 8 sec, and to 1500 lb for the remainder of the run. 

Roller bearings were to be subjected to 1000-ib radial load for 8 sec and to 

500 lb for the remainder of the run. 
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(C) The fuel (AeroZINE 50) generally proved to be a more severe 

environment for the bearings, cages, and races than was the oxidizer (N20.). 

All rollers, for example, experienced definite end wear in AeroZINE 30, but 

only burnishing in NO; however, the amount of wear in AeroZINE 50 was not 

excessive for TPA life requirements. Ball bearings with tungsten-titanium 

carbide balls (designated K5H by Kennametal, Latrobe, Pa.) in .440C races proved 

to be the best design for AeroZINE 30 operation. Use of 440C for both the 

rollers and for the races was satisfactory for the radial bearings. A 25% 

glass-filled Teflon shrouded wich stainless steel provided the best cages. 

The bearings as they appeared after demonstration testing together with 

demonstrated performance are shewn in Figure II-8. 

(U) The ball bearings were also successfully tested at 31,250 rpm 

with higher loads consistent with the Inline TPA operating conditions; 8 sec 

and 2200 lb for the remainder of the 12-min run. 

4.  Pump Wear Rings 

(U) A wear-ring development program was conducted to evaluate the 

ARES wear-ring design. The objectives were to show that the design wfs 

satisfactory to. limit internal leakage in the pump to a value consistent with 

the turbopurp efficiency and thrust-balance requirements, and to do this 

safely and reliably in spite of intermittent rubbing in both N.0, and 

AeroZINE 30. Secondary objectives were to establish insert materials for 

other close-running components, such as shaft labyrinths, inducers, and boost 

pumps. 
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(U) One approach allowed Intermittent rubbing of the impeller 

wear ring on compatible inserts; straight labyrinth seals were designed and 

tested with various combinations of insert materials and pressure retention 

mechanisms. 

(U) The second approach allowed low-speed transient rubbing but 

prevented high-speed contact by maintaining a fluid film between the impeller 

rubbing surfaces and the seal itself. On the basis of this concept, hydro- 

static face and Journal seals were designed and tested. 

(U) For oxidizer pump application, both the hydrostatic face 

seal and the straight labyrinth with Vespel SP-21 inserts limited flow through 

the wear ring to very low values at the required 4000-psi pressure differential. 

Both withstood intentional attempts at rubbing at 40,000 rpm without causing 

fire or explosion and were in reusable condition. 

(U) The fuel pump is designed integrally with the thrust balancer 

in a manner that requires a straight labyrinth seal at the outside diameter 

of the fuel pump impeller. The optimum design of this labyringh seal requires 

operation at a clearance of 0.007 in. Two inert inserts of Kynar and Kel-F 

were satisfactorily designed and tested under simulated conditions.  This 

Included repeatable flow rate before and after rubbing at high speed and 

pressure differentials of 2250 psi. Kynar was selected for the fuel pump 

application on the basis of its slightly better properties after exposures to 

AeroZINE 50 in laboratory tests. 

(U) On the basis of this program and analysis of the turbopump 

requirements, hydrostatic face seals were selected for the oxidizer-punp 

wear ring and straight labyrinths with pressure-relieved Kynar inserts were 

selected for the fuel pump wear ring. These designs are shown for the T 

turbopump in Figure II-9 and 10.  Similar designs are used in the Inline engine. 
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5.  Hydrostatic Combustion Seal 

(U) The T-englne requires a rotating shaft seal between the 

fuel pump aad the oxldlzer-rich turbine exhaust gas. A hydrostatic seal was 

adopted because the operating speed of 40,000 rpm imposes an excessive surface 

velocity of 600 ft/sec on rubbing contact seals.  The seal maintains separation 

of the nonrotatlng seal face from the running ring with a fluid film of fuel, 

leaking fron the pump and exhausting Into the oxldlzer-rich turbine exhaust. 

The seal and its adjacent parts are coded by streams of oxldizer flowing 

through holes on each side of the seal. 

(U) The Phase I program required a 60-sec demonstration of the 

seal under simulated engine operating conditions. 

(U\) Several tests were conducted in a two-dimensional tester to 

determine surface temperatures, feasible operating clearances, and optimum 

design configurations.  The data from this program were then incorporated into 

full-scale seals which were initially tested without combustion in the separate 

propellents, both with and without shaft rotation. After solving some initial 

sequence problems, the seal operated successfully at design rpm with operating 

clearances of 0.001 in, and less. The seal demonstrated its ability to 

tolerate axial wobble several times larger than the nominal operating clearance. 

(U) Seventeen hot rotating tests with propellents were then conducted 

for a total testing time with combustion of over 120 sec. The same seal was 

used for four of these tests, establishing that the seal is capable of restarts. 

The program was terminated prior to completion because of technical difflcul.les. 

This was one of the motivating factors in the selection of the Inline turbopump, 

which does not use this type of seal. The status of development at program 

termination is summarized as follows: 
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Valid tests 15 

Total testing duration 125 sec 

Maximum duration 30 sec 

Maximum duration refirable 10 sec 

Number of tests, refirable seal 7 

Maximum number of restarts 3 

6.  Purge Seal 

(U) A purge seal design was developed as an alternative approach 

in case the hydrostatic combustion seal proved difficult to develop.    The 

purge seal operates on the hydrostatic principle to avoid high rubbing 

contact velocities, but it uses an inert purge fluid instead of controlled 

fuel leakage as in the primary design. 

(U) Initial cold rotating tests attained 40,000  rpm at  less  than 

design purge fluid flow,  causing slight rubbing contact.    Hot  testing was 

then initiated with increased purge-fluid flow.    Although as high as 55 sec of 

testing at  40,000  rpm was attained,  problem-free operation was not achieved. 

This  program was  also discontinued with the  selection of the  Inline TPA. 

C.        THRUST CHAMBER ASSEMBLY 

1.       General 

(U) The ARES  thrust chamber assembly consists  of  two engine 

subsystems:     the primary combustor assembly and the secondary  combustor 

assembly.     The primary combustor assembly produces the oxidizer-rich turbine 

drive gas and consists of an injector and combustion chamber.     The secondary 

combustor assembly consists of a gas-liquid secondary injector, which unites 
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the turbine drive gas with the balance of the fuel, and a cooled secondary 

combustion chamber. When ARES engines are used in clusters in forced 

deflection or plug nozzles to provide a high-thrust engine, the expansion 

nozzle of the secondary combustion chamber is sometimes designed as a two- 

dimensional configuration to provide better nozzle performance.  Evaluation 

of an uncooled two-dimensional nozzle to determine nozzle heat-transfer 

conditions was included as part of the Phase I program. 

2.   Primary Combustor Assembly 

(U) The objective of the primary combustor program was to 

evaluate primary combustor injectors, to define performance characteristics 

and to obtain temperature profiles along the chamber wall and across the gas 

stream. Injector testing was to be conducted at off-design conditions to 

define the minimum injector pressure drop, the sensitivity to off-design 

mixture ratio operation, and finally to define inherent stability of the 

combustor by shocking it with a pulse gun.  The goal of the program was to 

develop one injector configuration to the point where it could be used in 

conjunction with the turbopump housing for early Phase II testing. 

(U) The success criterion for the primary combustor effort was 

that the temperature of the primary coiuL-ustor exhaust gas, as measured by 

three thermocouples at the entrance to the turbine nozzle ring, could not 

exceed 1650CF, with the variation between each thermocouple not exceeding 

A00oF.  Also, chamber pressure oscillations must not exceed +5%  of the 

average chamber pressure value and must not be divergent with time when mea- 

sured during the steady-state portion of the test firings.  Compliance with 

these conditions was to be demonstrated in three tests, each having a 

minimum duration of 1-sec steady state. The primary combustor must be in 

a reflrable condition following the demonstration series. 
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(U) Three Injector concepts, designated the pentad, quadlet,  and 

full-flow configurations, were test evaluated during the program.    These 

Injectors were evaluated in a heavyweight workhorse housing which was designed 

to have the same interface dimensions and gas-passage configurations as the 

flight-weight modular TPA housing.    This housing included extensive instrumen- 

tation to facilitate the evaluation of injector performance and operating 

characteristics. 

(U) The  test program consisted of 31 hot-fire   tests.    Development 

problems encountered during the test program included low-frequency feed system 

coupled instability,  and minor erosion of the injectors and combustion chamber. 

Incorporation of five axial vanes  to inhibit the instability together with two 

turbulators to provide mechanical mixing of the propellants solved both 

problems.    The pentad injector proved to be the best  injector. 

(C) The primary combustor configuration developed during the test 

program met or exceeded all requirements.    The average temperature obtained on 

the  three  required successful tests was  1340oF;   the average  chamber pressure 

was  4650 psia;  the chamber pressure oscillationb at steady state averaged 

1.27%.    The average mixture ratio during these tests was 11.63.    The final 

injector and combustor chamber configurations which ultimately satisfied all 

contract work statement requirements are shown in Figures  11-11 and 12. 

Demonstration tests are also summarized in Figure 11-11. 

3.       Secondary Combustor Assembly 

(C) The objective of the secondary combustor assembly program 

was  to demonstrate the performance and durability of  the cooled thrust 

chamber for the ARES engine.     To accomplish this objective  three tests, each 

of 20-sec duration, were to be conducted wherein a delivered sea-level specific 
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impulse of 280 sec  (90% I )  or higher had to be demonstrated at full-scale 

design conditions of 100,0C0-lb  thrust and 2800 psia chamber pressure.    The 

hardware also had to be refirable after each test. 

(U) The program schedule   (Figure VI-1)  shows the major items 

of work in  the accomplishment of the program.    The first nine months were 

devoted to hardware design and fabication.     During this period,  testing of 

residual hardware  from a previrus contract  (Integrated Components Program, 

Contract AF 04(611)-8548) wad also accomplished to obtain design data.    The 

following eight months were devoted to test evaluation of ARES  injectors  and 

cooled chamber testing.     At the conclusion of this test period,  an incompat- 

ibility between the injector and cooled thrust chamber prevented the accom- 

plishment of the program objectives.     An injector redesign was  required to 

solve this problem;  at   a result,  the program was extended one year to allow 

development of a new injector.     During the next eight months,   redesign and test 

evaluation of several new injector concepts occurred which culminated in the 

selection of a new injector for resumption of cooled testing.     The final four 

months of  the program were devoted to cooled thrust chamber testing with the 

new injector;  this effort resulted in the successful demonstration of 

secondary combustor performance and durability. 

(C) As a result of the initial design effort,  together with the 

results from residual hardware testing from the ICP program,   two injector 

concepts were fabricated for test evaluation;  these were designated the Fuel 

Swirl Rake  and the Mark 125.     These  injectors are shown in Figures  11-13 and 

14,   respectively.     The Fuel Swirl Rake injector has 108 fuel elements, 

oriented as  shown,   through which fuel  is injected in a swirling cone pattern. 

Oxidizer gas passes  through from the backside of the injector and surrounds 

the  fuel elements.     The Mark 125 injector consists of 32 radial vanes which 
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Introduce fuel through 20 tubes In each vane.     These  tubes are bent to 

evenly   distribute the fuel over the face of  the injeccor.    Oxidlzer Is 

Introduced from the back side of the Injector and surrounds the  fuel  elements. 

(U) The  transpiration  cooled chamber is   shown schematically in 

Figure VI-55.    This thrust chamber uses  the new TRANSPIRE concept in which 

thin photo-etched washers are used to meter precise amounts of flow uniformly 

to the chamber Inner surface.     The  chamber is   divided  into  12 compartments, 

each of which has a separate  coolant, feed line.     The  details of the washer 

design are shown in Figure Vl-58.     The chamber  consists of  approximately 

1300 washer pairs.    Internal manifolding and flow distribution are accomplished 

by the pattern photoetched into a thick washer  (0.020  in.  thick in the  chamber 

and 0.010 in.   thick in  the throat region).    Flow rate  control in each washer 

pair is provided by the pattern photoetched through a washer 0.001 in.   thick. 

(U) Results of  uncooled testing with these injectors showed that 

both were of relatively high performance, stable, and erosion-free.    The 

performance of the Mark 125 was slightly higher than  that of the fuel swirl 

rake,  and on this basis, was  selected for cooled chamber testing. 

(U) Two cooled  chamber concepts were test-evaluated:    regenerative 

and  transpiration.    The regenerative chamber is shown in Figure  11-15.     This 

chamber is a double-pass design and consists  of 96  tubes  fabricated from 

Inconel 718 material.     The tube bundle is reinforced by a fiberglass wrap. 

The  regenerative coolant  (N-O.) enters  and leaves the  chamber through   the top 

flange.     Five  tests were conducted using this   chamber.    Results  of this  testing 

proved the mechanical Integrity of the design;  however, high performance was 

not  achieved.     Meanwhile,  testing of the  transpiration cooled chamber was 

proceeding with excellent results.    Therefore,   further testing of this 

regenerative cooled chamber was suspended. 

n 
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Testing with this chamber yielded very encouraging results. 

Thirty tests were conducted with two transpiration cooled chambers using the 

Mark 125 Injector. During this testing, coolant flow rate was reduced 

selectively in the various compartments to increase performance. However, 

when flow rate was reduced below approximately 36 lb/sec, injector streaking 

caused chamber erosion. Maximum steady-state performance achieved was 

approximately 267 sec, which is approximately 862 of theoretical specific 

impulse, substantially below the required 260 sec. Analysis of test results 

revealed that the injector streaking was caused by two major effects. The 

fuel pattern at the wall was too coarse and unburned fuel existed too far 

down the chamber. Some of this fuel combining with the oxidizer coolant 

resulted in streaks that were observed as discoloration of the chamber wall 

after several tests. The other problem was that the bent injector tubes 

near the wall were spraying fuel on the wall. It was concluded that achievable 

performance with the Mark 125 injector in a cooled chamber would be inherently 

limited to the values achieved and that a new injector design was needed. 

(C) Results of the transpiration cooled chamber testing were used 

in conjunction with latest analytical techniques to evolve new injector 

concepts. These concepts were evaluated analytically, by hydrotest of 

individual elements, and air testing of the gas circuit. The best concepts 

were then fabricated into full-scale hardware and hot tested. Thrust chambers 

specifically designed to evaluate compatibility were used in this testing, 

Including film-cooled ablative chambers and transpiration cooled chambers 

with ablative throats. From this effort, the platelet injector was evolved. 

This injector consists of 88 platelet vanes as shown in Figure VI-6. Fuel is 

injected through the orifices at the trailing edge of each platelet while 

oxidizer gas enters from the back of the injector between platelets. Each 

platelet consists of two plates. The fuel distribution manifolding and 
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Injector orifices are photoetched Into each plate. The plates are then 

brazed together to form the platelet vane. These vanes are then brazed Into 

the injector housing. 

(C) Transpiration-cooled testing with this injector was resumed. 

Coolant was reduced selectively in the various compartments until required 

performance was achieved. A total of 46 cooled thrust chamber tests were 

conducted in this test series using three injectors and three cooled chambers. 

Of these, greater than 90Z of theoretical specific impulse was achieved in 

four tests, one of which was of long duration (20 sec). Greater than 89% 

of theoretical specific impulse was achieved in 12 tests, 4 of which were of 

long duration. A total of 220-8ec duration was accumulated during this 46 

test series. Of this 107 sec, including four long duration tests, were 

accumulated on a single thrust chamber. 

(C) During this testing, several factors that revealed areas for 

further perfc nance improvement became evident. The most important of these 

were a mal-distribution of oxidizer-rich gas circumferentially around the 

chamber and a non-optimum chamber contour, both of which necessitated some 

overcooling of the chamber. Correction of these deficiencies would result 

in an approximate 2,7%  specific impulse increase. 

(C) The entire cooled test program was conducted with a low area 

ratio nozfl* (20:1) in performance demonstration tests. Currently, the most 

promising application for the engine is in future spacecraft. Therefore, the 

test data were analyzed to determine what performance would result in a space 

engine. This is tabulated below for two nozzle area ratios which bracket the 

range of area ratios that would likely be used in an ARES space engine. 

1 
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Available Specific 
Equivalent Achieved Impulse with Known 

Nozzle Area Ratio Specific Impulse,  sec Improvements  (3% Gain) ,  sec 

150 323 333 

300 330 340 

A.      Uncooled Two-Dlmenslonal Nozzle Evaluation 

(U) The ARES engine module can be used singly or In clusters  to 

provide thrust In multiples of 100,000 lb.    Approximately eight or more 

engines can be arranged to discharge through a common nozzle to increase 

effective area ratio.     With 8 to 12 engine clusters,  superior nozzle perfor- 

mance results by using two-dimensional, nonaxisymmetric nozzles  that  are 

flared and flattened to distribute the gases evenly into the forced deflection 

or plug nozzle. 

(U) The Phase  I effort included a task  to determine the  temperature 

distribution in a two-dimensional nozzle using both uniform and tailored film 

coolant  injection.    A two-dimensional nozzle with an area ratio of 5:1 was 

fabricated and tested twice.    The  chamber consisted of an ablative liner 

enclosed in a heavy steel  case.    Thermocouples penetrated the chamber wall 

in axial rows along both the curved end the  flat sides.     The chamber config- 

uration is shown in Figure  11-16. 

(U) The first  test with uniform film coolant injection confirmed 

the  fact  that temperature distribution was uneven, with  the higher temperatures 

occurring on the flat side of the nozzle.    In the second  test  the film coolant 

at  its  injection point was  directed in  the main chamber to provide relatively 

greater amounts of coolant on the flat side of the nozzle.    The thermocouple 

data indicated that this was an effective way to equalize  the temperature 

distribution around the nozzle. 

Page 11-17 

CONFIDENTIAL 



CONFIDENTIAL 

Report 10830-r-l, Phase I,  Supplement 1 

II,  Summary and Conclusions   (cont.) 

D.       CONTROLS 

1. General 

(U) The principal goal of this portion of the program wac  to 

develop the fuel and oxidizer valves for use in the engine testing.  Four 

valves are used in the engine:  two are the suction valves and are of the same 

design for fuel and oxidizer; the other two are the primary and secondary 

combusfor fuel control valves.  These control valves are similar in design but 

of different size. 

2. Suction Valve 

(U) A multiple purpose suction valve suitable for both prcpellants 

was designed for long-term storage and positive-shutoff operational use.  It 

must have a response capability to open or close in less than 0.400 sec and 

must give unobstructed flow from the propellant line through the valve to 

the pump. 

(U) The configuration that met all work statenent requirements is 

a unique design in which a segmented ball gate lifts from the operational 

seal, and then rotates entirely out of the flow path. A metal foil seal, which 

acts as a long-term storage seal, is sheared during the initial lifting motion. 

In the reverse motion, the segmented ball gate rotates into the flow path and 

is then pushed linearly against a spring-loaded lip seal.  This design, with 

its cam operating mechanism, is shown in Figure 11-17. 

(U) The operation of the valve after endurance cycling with both 

water and propellants met or exceeded contract requirements and there was nc 

discernible internal or external leakage of either propellant. Test results 

and work statement requirements together with photographs of the valve are 

shown in Figure 11-18. 
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3.  Fuel Controls 

(U) Separate fuel control valves were developed for both the 

primary and secondary injectors.  The primary combustor fuel control valve 

muut accurately control the fuel flow rate to the primary combustor over a 

flow range of 25:1, and be able to repeat the flow for any preselected 

position.  It must also have the capability to shut off 6,000 psi flow from 

any position In less than 0.025 sec. 

(U) A rotary-sleeve valve configuration was selected to meet 

this requirement.  Two of these valves were fabricated and tested.  The tests 

verified the structural integrity of the design and demonstrated that all of 

the design criteria were met or exceeded.  The flow constant (Kw) actually 

attained was 2.1, against a requirement of only 1.45. Thus, the valve gives 

more flow for a given Ap than originally demanded and has the capability to 

accommodate lower inlet pressures than originally contemplated.  The control 

range demonstrated was 80:1, versus a required range of 25:1. 

(U) The secondary :cmbustor fuel control valve is similar in 

concept to the primary control valve but it must handle approximately four 

times the flow.  This valve also met or exceeded al] contractual requirements 

and gave a control range of 75:1, versus a requirement of 25:1. 

(U) Test results and operating charcterlstics of these valves 

are shown in Figure 11-19. 
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II,  Summary and Conclusions  (cont.) 

E.       SUPPORTING STUDIES 

It      General 

(U) Several studies and laboratory tests were conducted to 

prcvide specialized design data and to Investigate matters relating to 

application and growth of the ARES engine  concept.     These are summarized below: 

2.       Fluid Dynamic Testing 

(U) Anri'.ytlcal techniques cannot accurately predict, pressure 

drop and flow distribution for some of  the  flow passages on the ARES "T" 

engine.     Consequently,   a program was undertaken  to experimentally determine 

this intormatica with air flow test models.     Four full-scale models were built 

and tested to predict performance of the passages  in the "T" configuration 

turbopump. 

a. Oxidizer pump discharge  down to the thrust  chamber  flange. 

b. Thrust chamber flange up to the primary injector face. 

c. Primary Injector to the turbine inlet. 

d. Turbine exhaust to the secondary Injector face. 

(U) The results of the air-flow testing gave sufficient information 

to confidently design all of the flow passages with the exception of the turbine 

exhaust  to injector  face passage.    Additional effort  is needed to optimize  the 

design of this passage for uniform flow to the secondary injector.    Design of 

this passage is more straightforward on the Inline engine. 

- 

n 
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II, E, Suprortlng Studies (cont.) 

3.  Subscale Nozzle Program 

(U) When the ARES engine module Is clustered Into large single 

nozzles, discontinuities occur where the individual modules exhaust onto the 

common skirt. Also, in the forced-deflection nozzle, a base heat shield is 

needed to prevent base recirculation from damaging the bottom of the vehicle. 

In regions of flow discontinuities, experimental data were needed to optimize 

performance and determine heat transfer rates. Therefore, a subscale air flow 

test program was conducted to obtain design criteria for a 2-million-lb-thrust 

engine employing 20 100K modules exhausting into a single forced deflection 

nozzle skirt.  The engine was designed for a vehicle approximately 18 ft 

in diameter. The first part of the program was to determine the performance 

potential of the nozzle and to evaluate the effect of various design parameters 

on the performance. The second part was to obtain heat transfer data in 

regions of the nozzle where flow conditions are such that purely analytical 

techniques would not be expected to apply. 

(U) Some of the significant conclusions from this program are: 

a.  Forced-deflection and plug nozzles using 20 modules perform 

better with axisymmetrlc internal expansion sections (IES) than with contoured- 

wedge "two-dimensional" lES's. 

(C) b.  Ambient base bleed offers between 2.5% and 3.5% perfor- 

mance improvement over nonvented performance within the atmosphere. 

(C) c.  Throttling by module shutdown results in a performance 

(I ) loss of only 0.5% down to 20% thrust under vacuum conditions for forced 

deflection nozzles employing either axisymmetrlc lES's or contoured-wedge 

lES's. 
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II, E, Supporting Studies (cont.) 

(U) d.  The heat-transfer coefficient In the region where the 

lES's flow onto the skirt Is higher than would be predicted for a continuous 

wall with no discontinuities. The magnitude of the Increase Is strongly 

dependent on the IES geometry and spacing. 

(C) e.  Axlsymmetrlc lES's result In the lowest heat-transfer 

rate of the cases tested. 

(U) f.  The heat transfer rate on the base heat shield at sea- 

(U) The results of this study showed that conversion of the 

ARES module to the use of advanced propellents changes the flow schedule of 

the module significantly.  However, boost pumps, suction lines, suction valves, 

and the primary combustor fuel valve can be used with no „omponent design 

changes.  The existing turbopump oxldlzer housing Is adequate for N^O./Alumlzlne 

and for H202/Alumlzlne, but not for Compound A/NLH,.  It can be made acceptable 

for Compound A/Alumlzlne If shaft speed Is Increased, If operating pressure 

of the secondary combustor Is reduced, or If capability to accommodate a 

large-diameter pump Impeller Is provided. 

Page 11-22 

level atmospheric conditions Is approximately four times as high as at vacuum. 

n 
(U) g.  The heat transfer rate Inside the nozzle of a shutdown 

module Is approximately the same as on the base heat shield. 

4.  Advanced Propellents 

(U) A program was conducted to determine the changes necessary 

for the engine to be suitable for use with several advanced propellents— 

peroxide/Alumlzine, Compound A/Hydrazlne, and NjO,/Alumlzlne. 
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II,  E, Supporting Studies  (cont.) 
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(U) The oxldlzer Impeller and the second-stage fuel Impeller 

can be reworked from the ARES configuration to accommodate a specific 

propellent. 

(U) Other major components are not acceptable because of the 

Increased fluid flow to the secondary combustor.  These components will have 

to be resized. 

(U) The ARES turbopump can be used for the Compound A/N.H, engine 

provided an oxldlzer-rlch cycle is used, thrust chamber pressure is reduced 

to 1600 psla, and throat area is increased 60%. 

5.  Analytical Models 

(U) Several analytical models were developed to establish the 

engine steady-state and transient operation and to define its stability 

characteristics.  To accomplish this, three engine simulation computer programs 

were developed: 

(U) a.  A steady-state program to establish the engine operating 

point, and the ability of the engine to regain the design point when perturbed. 

(U) b.  A transient program including water hammer effects to 

show the behavior of the engine during start, steady-state, and shutdown 

operations. 

(U) c.  A low-frequency analysis program for studying the system 

stability characteristics of the engine during steady-state operation. 
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II,  E,  Supporting Studies  (cent.) 

(U) Similar models were prepared for use with the component test 

harrtware.    These used basically the same equations, but their boundary 

conditions were varied to suit the particular test setup. 

6.      Reliable ty 

(U) A reliability effort was conducted to assure that the engine 

will have high operational reliability. Most effort was concentrated In the 

areas of failure-mode analysis and design review, with limited effort devoted 

Page 11-24 

to such tasks as maintainability and reliability prediction. 

(U) An initial task was to obtain applicable failure data from 

related programs.  This task provided essential inputs for the failure mode 

analyses, maintainability reviews, reliability predictions, and various 

comparison studies. Data were obtained from the Titan II, Titan III, and 

Gemini programs on component failure modes, frequency of experienced failures, 

and the reliability of each component. 

(U) Each component of the ARES engine was analyzed to identify 

the potential failure modes, the causes of those failures, and the 

anticipated effects of those failures on the engine.  It is concluded that, 

even though effort must be directed toward the solution of some remaining 

design problems, greater emphasis must be placed in such nondesign areas 

as fabrication, assembly, inspection, transportation, checkout, cleaning, 

and testing.  There are cases in which trapped propellents pose a potential 

safety hazard. The use of inert materials such as Kynar and Kel-F for 

Inserts in the wear-rings removed all significant explosion hazards from 

main-stage or boost-pump rub. 
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II, Summary and Conclusions  (cont.) 

F.       CONCLUSIONS 

(U) 1.      The practicality of all ARES critical components was proven 

In Phase I. 

(U) 2.       The ARES engine Is ready for an engine demonstration program. 

(C) 3.       Engine performance of 90.3% of theoretical specific impulse 

was demonstrated by thrust chamber testing.    By incorporating thrust chamber 

improvements identified during the test program, performance can be increased 

to approximately 93% of theoretical specific impulse. 

(U) 4.       The ARES engine is designed for 10:1 throttling, multiple 

restart capability, and reuse.    Further demonstration of these features is 

needed.    However,  the only redesign anticipated is incorporation of throttlable 

primary injector to obtain 10:1 variable thrust capability. 
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ARES Engine  (lT) 
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ARES "T" Engine—Regeneratlvely Cooled  (U) 

Figure 11-2 
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ARES  Inline Engine,  Regeneratively Cooled  (u) 

Figure II-3 
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OBJECTIVES:  Demonstrate by proof test at 1.4 x operating 
conditions. Maximum allowable weight is 350 lb. 

TEST SUMMABY 

Hou, Ing Weight, lb 300 

Oxidizer Discharge Pressure, psi 8430 

Oxidizer Return Pressure, psi 6850 

Fuel Discharge Pressure, psi 5250 

Turbine Exhaust Pressure, psi 4260 

Thrust Load, lb 140,000 

Roller Bearing Axial Deflection 
at Design Conditions, in. 0.021 

Roller Bearing Radial Misalignment 
at Design Conditions, in. 0.0063 

Housing Natural Frequency, cps 1500 

•T" Engl.ie TP^ Housing Test Summary (U) 

Figure II-6 
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OBJECTIVE: Demonstrate by proof test at 1.4 x operating conditions 

TEST SUMMARY 

Housing Weight, lb 230 

Oxldlzer Discharge Pressure, psl 8080 

Turbine Inlet Pressure, psl 6250 

Fuel Pump Discharge Pressure, psl 5250 

Turbine Exhaust Pressure, psl 4210 

Thrust Load, lb 140,000 

Housing Natural Frequency, cps 825 

Inline TPA Housing Test Summary (U) 

Roller Bearing Axial Deflection 
at Design Conditions 0.022 

Roller Bearing Radial Misalignment 
at Design Conditions 0 

0 
0 

Figure II-7 
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OBJECTIVE: Demonstrate at nominal load and speed for 12 min 
and peak loads for 8 sec 

N204 

Speed, rpm 

Duration, sec 

Axial, Nominal 

Peak 

Radial, Nominal 

Peak 

AeroZINE 50 

Speed, rpm 

Duration, sec 

Axial, Nominal 

Peak 

Radial, Nominal 

Peak 

38,900 

791 (13 min, 11 sec) 

Load, lb Duration, sec 

1500 

2500 

500 

1000 

739 

52 

759 

32 

40,000 

735 (12 min, 15 sec) 

Load, lb Duration, sec 

1700 

2700 

550 

1070 

Bearing Test Summary 

Figure II-8 
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OBJECTIVE: Maintain close clearances needed for high pump efficiency 
at high pressure without change for pump rub. Maximum 
leakage: 53.8 gpm 

Insert Material 

Axial Clearance, In. 

Axial Movement, In. 

Pressure Across Seal, psl 

Leakage Flow, gpm 

lb/sec 

Shaft Speed, rpm 

Dry Rubbing 

Lynde LC-IC Flame-Spray 
over Stainless Steel 

0.0013 

0.007 

4055 

19.6* 

3.8 

40,000 

15,000 rpm for 6 sec 

i 
0 
0 

*Thls low leakage results In a pump efficiency Increase 
of two points 

NLO. Wear Ring Test Summary 

Figure II-9 
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OBJECTIVE: Maintain close clearances needed fcr high pump efficiency 
at high pressure without chance for pump rub. Maximum 
leakage: 73 gpm 

Insert Material 

Radial Clearance in. 

Pressure Across Seal, psl 

Leakage Flow, gpm 

lb/sec 

Shaft Speed, rpm 

Amount of Rub, in. 

Kynar 

0.006 

2300 

32* 

A 

35,000 

0.010 

*This low leakage results in a pump efficiency 
increase of three points. 

AeroZINE 50 Wear Ring Test Summary 

Figure 11-10 
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11.0   11.5   12.0 
MIXTURE RATIO 

Pe»4700PSI 
PRESSURE OSCILLATIONS WITHIN t2*/o 
STABLE AFTER 60 GRAIN CHARGE 

n 
o 
o 

D 

D 

Requirement 

Exhaust Gas Temperature 

Temperature Variation 
Between Three Thermocouples 

Pc Oscillations from 
Average Value 

Steady-State Duration 

Stability Pulse Test 

Specified Value 

1650oF max 

400°F max 

+5% max 

1.0 sec, min 

None 

Test Value 

14860F max 

2000F max 

1.29% max 

1.06 sec, min 

80 Grain Charge 
640 psi Peak-to-Peak 
0.003 sec Duration 

;: 

Primary Combustor Test Summary (U) 

Figure II-ll 
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r           ^^ 
PRIMARY   INJECTOR 

VIEW LOOKING TOWARD  INJECTOR 

VIEW LOOKING TOWARD END CAP ASSY 

Primary Combustor 

Figure TI-12 
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Fuel Svirl Rake Injector (u) 

Figure 11-13 
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Modular Configuration--Mark 125 Injector (u) 

Figure 11-14 
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LEAKAGE 

Internal Contract Requirement Achieved 

Storage Seal ID-4 cc/sec He ID'8 

Operational Seal 1 cc/mln Fuel None 

10 cc/mln Oxldizer 

Shaft Seal 5 cc/hr None 

PROOF 

Oxldizer and Fuel 525 550 

RESPONSE 

Open and Close 0.4 0.285 

WEIGHT None 15 lb 
.-, 

Suction Valve Test Summary 

Figure 11-18 
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O7.0 
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As pmt 

y r               PC^x^* 
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10 20 30 40 50 60 70 00 90 100 
VALVE POSITION-PERCFNT OFFUUOPfM 
POSITION 

Control Range 

Pressure Drop, psi 
(Rated Flow) 

Leakage, lb/sec 
(AP - 100 psi) 

Response, sec 
(0 to Full Open) 

P.C. 

40:1 

120 

0.05 

0.025 

0.004 

6000 

S.C. 

35:1 

125 

0.12 

0.025 

0.006 

4000 

i: 

[ 

Fuel Control Valve Test Summary 

Figure 11-19 
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SECTION III 

ENGINE 

A.   OBJECTIVE 

(C) One of the Phase  I program objectives wad  to establish a layout 

design and predicted performance characteristic of a high chamber pressure, 

staged combustion rocket engine that would accomplish Phase II performance 

demonstration requirements at  the target point or llmlr.s tabulated below: 

Thrust, sea level, Ibf 

Chamber pressure, psla 

Sea level specific Impulse,  sec 

Propellants 

Mixture ratio.  Injector 

Area ratio, nozzle 
(80% optimum bell contour) 

NPSH,  fuel,  ft 

NPSH, oxldlzer,  ft 

Dry weight  (Including boost pump) 

Target Design 
Point 

Phase II 
Demonstration 

Range 

100,000 100,000 _ 5000 

2800 2800 + 140 

285 283   (minimum) 

N204/A-50* N20A/A-50* 

2.2:1, nominal 2.2:1, nominal 

20:1 20:1 

43.0 43.0 

30.0 30.0 

675 850  (maximum) 

B.       DESCRIPTION 

1.       Design 

(U) The ARES engine layout Incorporating the total experience 

gained In the Phase I program Is shown In Figure  II-l.     The engine consists 

of a turbopump assembly, a thrust chamber assembly,  fuel and oxldlzer suction 

*A-50, Aerojet-General Corporation trade name  (AeroZINE 50)  for 0.5 UDMH/0.5 N.H 
fuel blend. 2"4 
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III, B, Description (cont.) 

valves, and boost pumps. The turbopump assembly includes the main pumps, the 

turbine, the primary injector and combustor, and the primary combustor fuel 

control valve. The thrust chamber assembly includes the secondary combustor, 

nozzle, secondary injector, and the secondary fuel valve. 

G 

D 
0 

(U) The turbopump is  oriented with its  shaft  axis in line with 

the  thrust vector.    The  turbopump  is mounted on top of  the  thrust   chamber, 

forming the  central structure of the engine, with the engine  thrust transmitted 

through the   turbopump housing and gimbal  to the airframe.     The turbopump 

housing surrounds  the annular primary combustor and is cooled by  the large flow 

of oxidizer through the double wall.    The  turbine exhaust gas discharges 

directly   to   the   thrust  chamber injector. 

(U) The primary combustor incorporates a 180-element pentad 

annular injector.     The secondary combustor Injector is of   the platelet  type: 

the  fuel  is  introduced through photo-etched platelet pairs  and the oxidizer- 

rich  turbine exhaust gas passes between the platelets.    The secondary combustor 

(thrust chamber),   including the  throat and a portion of  the nozzle out  to a 

4:1 area ratio,  is  transpiration cooled,  using platelet washers for metering 

the  required amounts of oxidizer into the thrust chamber wall.    The 20:1   area 

ratio nozzle extension is  cooled primarily by a carryover of  the  transpiration 

coolant and is  similar in design to the radiation-cooled nozzle on  the Apollo 

engine. 

(U) The turbopump shaft  is supported in  the housing by propellant- 

lubricated  rolling contact bearings.     The  turbine is on  the  lower end of  the 

shaft;   the  single  stage oxidizer pump is on  the center of  the shaft, with   the 

two-stage fuel pump on the top end of the shaft.     Shrouded pump impellers with 

large  running clearances  are used to minimize the chance of pump  rub.    Wear 

rings  are used to minimize back flow.     An interpropellant seal is  located 

0 
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III, B, Description (cont.) 

between the suction sides of the oxidizer pump and first-stage fuel pump to 

separate the propellants. The Titan I second-stage engine auxiliary turbopump 

assembly used a similar type seal which operated reliably in all Titan I 

flights even though propellants ignited occasionally in the seal cavity. 

Propellants were LOX/RP-1 which are not hypergolic.  This type of seal has 

not been demonstrated with hypergolic propellants. Although complete design 

criteria for this seal using N20,/AeroZINE 50 propellants are lacking, there 

is sufficient related data to give a high degree of assurance that it will 

perform satisfactorily under vacuum conditions without need for a purge. 

(C) Ignition experiments with N„0./AeroZINE 50 at low pressures 

were performed by Aerojet on Contract AF 04(611)-5959 in 1962 on the Ultra 

Low Chamber Pressure System Program (Reports SSD-TDR-62-37, Parts I and II). 

In this program, failure to ignite within 3 sec was observed at pressures 

below 3.6 psia. With excess oxidizer, the minimum ignition pressure was 

reduced to 1.5 psia. 

(C) Similar experiments were performed by RMD on Contract 

AF 04(611)-9946 in 1965 on a program titled Hypergolic Ignition at Reduced 

Pressures (Report AFRPL-TR-65-105). In this program, one of the objectives 

was to determine ignition characteristics for impinging unconfined jets (no 

thrust chamber) using N-0./AeroZINE 50 propellants.  Ignition could not be 

achieved within 1/4 sec at pressures below 1.2 psia. 

(U) Based on results from these three programs, it appears that 

N-0,/AeroZINE 50 propellants will not ignite at pressures below 1.2 psia and 

may not ignite at pressures up to 3.6 psia. An interpropellant seal, designed 

to operate below 1.2 psia in the region of propellent mixing, should operate 

without ignition occurring. Therefore, safe and reliable operation in space 

should be achievable. Provision for a purge has been included if needed for 

sea level operation. 
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III, B, Description (cont.) 

initial actuation. 

(U) The primary and secondary combustor fuel control valves are 

of the rotary sleeve type and are pressure balanced to reduce actuation forces. 

The rotating sleeve is mounted on ball bearings to maintain close clearance 

between sleeve and housing, thereby controlling the leakage with "ninlmum 

rubbing. 

(U) All the valves were designed for use with conventional, 

ready-made, electrical or hydraulic actuators. 

(U) The following engine components were demonstrated by testing 

similar designs during the Phase I program. 
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(U) Fuel and oxidizer enter the engine through vertical inlets 

on each side of the turbopump.  Each inlet consists of a suction valve, a 

hydraullcally dr .ven boost pump, and a 90-degree torus housing.  The suction 

valve is integrated upstream of the boost pump and consists of a torus housing, 

a poppet, and a poppet actuator. The torus housing turns the propellant from 

the vertical engine inlet into the horizontal inlet of the boost pump. The 

suction valve poppet has a metal foil, long-term-storage seal that shears 

cleanly during the initial motion of the valve. The valve poppet has a spring 

loaded Teflon lip seal to seal the valve when the valve is closed after 

Cooled thrust chamber and injector 

Primary combustor and Injector 

Turbopump housing 

Propellant lubricated bearings 

i 
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III, B, Description (cont.) 

Pump wear rings 

Turbine performance 

Suction valves operational and storage seals 

Fuel control valves 

2.  Cycle 

(U) The ARES staged combustion cycle is shown sc" amatically in 

Figure III-l.    Propellents enter the engine through the suction valves and are 

pumped by the 8000 rpm boost pumps  to a pressure of 100 and 170 psia,  fuel and 

oxidizer,  respectively, which is  required for the 30,000  rpm main pumps.    All 

of the oxidizer (N-O.)  is  then pumped to a pressure of 5800 psia in the main 

oxidizer pump with most of it continuing to the primary combustor injector. 

The fuel is pumped to a pressure of 5500 psia in the first-stage fuel pump. 

A portion of this fuel  (20%)  then enters the second-stage fuel pamp where it 

is pumped to a higher pressure of 6200 psia and passes  through the primary 

combustor fuel control   -alve  to the primary injector.    The oxidizer and fuel 

enter the primary combustor where  they combine hypergolically to form a hot 

gas of 1150oF and 4900 psi chamber pressure.    This oxidJzer-rich gas passes 

through the turbine and is  then exhausted into the thrust chamber.    The major 

portion of the fuel flow from the first-stage pump is ducted through  the 

secondary combustor fuel control valve- to the main injector where it is injected 

into the thrust chamber.    This fuel bums with  the oxidizer-rich turbine exhaust 

in the thrust chamber at  the 2800 psia chamber pressure. 

(U) The boost pumps are driven by hydraulic turbines which use 8% 

of  the respective propellent bled from the main pump discharge.    This drive 

fluid is  then exhausted into the boost pump discharge.     In the main turbopump, 

oxidizer for bearing coolant is bled from the pump discharge, passed through 

the oxidizer bea-ings,  and discharged info the turbine inlet where i" provides 

Page III-5 

UNCLASSIFIED 



Page III-6 

UNCLASSIFIED 

UNCLASSIFIED [| 

Report 10830-F-l, Phase I,  Supplement 1 

III, B, Description (cont.) 

some turbine cooling.    High-pressure fuel Is used to cool the fuel pump bearings. 

Secondary combustor transpiration coolant, N-O,, is tapped from the oxidizer 

circuit at  the primary injector. 

(U) The  two fuel control valves perform three  functions: 

(1)  propellent phasing is  controlled during start and shutdown by sequencing 

both the primary and secondary fuel  control valves,   (2)  engine thrust is 

established by the preset open position of the primary combustor fuel control 

valve  (PCFCV),  and  (3) engine mixture ratio is established by the preset open 

positlou of the secondary combustor fuel control valve  (SCFCV).    No oxidizer 

control valve is required. 

3.      Operation and Performance 

a. Design Point Operation 

(U) The engine system was  analyzed on the steady-state 

mathematical engine model to establish  the internal pressure,   flow,  and tem- 

perature values.    Consistent with minimum engine weight and  turbine operating 

temperatures,  an engine pressure schedule was established as  shown in 

Table III-I.     The predicted optrating point of the engine  that will deliver 

the  target   thrust and specific  impulse  is  shown in Table III-II, with  the 

parameters  arranged to show the operating point of each major component. 

b. Start and Shutdown 

(U) The engine starts  from tank pressure.     Mo auxiliary 

start system is needed.    Therefore,   the engine is inherently restartable.    The 

engine start and showdown transients have been predicted based on predicted 

component performance characteristics and current test stand suction pressure 

n 
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III, B, Description (cont.) 

(60 psia) capabilities. The predicted start and shutdown transients are 

shown in Figure II1-2. 

(U) The engine operating sequence to accomplish the predicted 

start transient is as follows: 

(1) Pressurize propellent tanks to 60 psia. 

(2) Open oxidizer suction valve. 

(3) Open fuel suction valve approximately 0.5 sec later. 

(4) Open primary combus tor fuel control valve (PCFCV) to 
present amount (5% operating point K^ value) which 
allows fuel co flow to the primary combus tor. 

(5) Ignition occurs in the primary combustor. 

(6) Open secondary combustor fuel control valve (SCFCV) 
to its full operating position. 

(7) Ignition occurs in the thrust chamber. 

(8) Continue opening PCFCV to the steady-state operating 
point. 

(U) The shutdown operation is the reverse of the startup 

operation and ends with all engine valves closed. 

c.  Off Design Operation 

(U) The Phase-I ARES engine was designed to achieve specified 

performance at full thrust. However, the engine can be throttled by varying 

the position of the primary fuel control valve while the secondary fuel control 

valve remains in its preset position.  The mechanism by which the primary 

combustor fuel valve controls the thrust is as follows: increasing the resis- 

tance in this valve reduces the fuel flow to the primary combustor, which In 

turn reduces turbine temperature and, to a lesser extent, the turbine mass flow; 
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III,  B,  Description (cont.) 

v ■ 

the reduction in turbine drive energy results in decreased turbopump speed, 

pump discharge pressures, propellant flow rate,  and thrust.    The engine syatetn 

maintains nearly constant mixture  ratio during throttling, because of tH» 

designed relationship between fuel and oxidizer pump heads almost exactly 

compensating for the other factors  that influence engine mixture ratio. 

Throttling operation over a broad thrust range,  such as 10:1, would necessltstre 

incorporation of primary Injector designed for deep  throttling.    Considerable 

effort on design of a throttleable ARES engine for use  in space applications 

was  accomplished on Contract  F04611-68C-0008  (Report AFRPL-TR-68-2). 

4. Weight 

(U) Estimated engine weight and inertia values broken o^vn by 

major component are tabulated shown In Table III-III. Also taLalated *;re 

estimated weight and inertia values of engine accessories including valve 

actuator and gimbal. 

5. Materials 

(U) A list of  the materials  for  the ccppor.er.ts cf  the engine is 

shown in Table 1II-IV.     Included in the list  are  the environmental and opera- 

tional  requirements  for each part noted.    Material öelection was predicated on 

structural and chemical compatibility to the environmental  conditions specified. 

6. Application as a Spacecraft Engine 

(U) Considerable effort has been expended over the past 1-1/2 

years on designing ARES for use as  a spacecraft engine.    This work has been sup- 

ported by both  the Air Force  and Aerojet.    Air Force support was on Contract 

F04611-68C-0008 and was  directed mainly  towards  throttling,   restart,  and design 

0 

v. 
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of different size ARES engines  (down to 25K thrust).    Aerojet effort was 

directed mainly towards other operational features needed In a spacecraft 

engine, such as unlimited restart and space storage capability and reuse. 

Results of these studies are summarized briefly below. 

a. Throttling 

(U) Analytical engine studies  (steady state and low frequency 

dynamics) have shown that the engine system can be throttled over a 10;1 range 

by use of  the primary combustor fuel control valve only.    The primary Injector 

would probably be changed to accomplish this practically.    A sufficient pres- 

sure drop exists for the secondary Injector so that a change would probably 

not be required.    Test verification of injector and thrust chatrber throttling 

is needed. 

b. Unlimited Restart 

(U) The ARES starts from tank pressure and uses no third 

fluids;  therefore,  the engine has the potential for unlimited restart.    Other 

factors  that can limit restart are damage due to heat soak-back after shutdown 

and degradation of engine parts during coast periods by tt-.e action of propel- 

lants or other contaminants.    Several features have been designed into the 

engine to minimize  the amount of heat soak-back and thus minimize the detri- 

mental effects of the heat left in the system.    Thermal liners have been 

provided in all primary combustor and turbine exhaust passages  to minimize 

the heat transfer to the thick housing parts.    These thick parts are also 

cooled by passing propellent through  them.    The AeroZINE 50 pump is placed at 

the cool upper end of the TPA to eliminate  the chance of heat soak-back from 

detonating any fuel that may be present in the fuel pump or fuel bearings 

after shutdown.     Current studies indicate that heat soak-back will result in 
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a maximum temperature of the oxldlzer bearing of approximately 300oF.    The 

effect of this temperature on the oxldlzer pump bearing must be determined 

experimentally,     femperature at the fuel pump end will rise  to approximately 

200oF,    The secondary Injector parts rise  to a maximum of 300oF.    Exposure of 

fuel to temperatures below 300CF does not result In spontaneous decomposition. 

The engine Is Isolated from the propellents after shutdown by suction Inlet 

valves.    Therefore, propellent rapidly leaves the engine after shutdown In 

space.    Since there are no other fluids used In the engine,  the chance for 

degradation of parts  from exposure  to contaminants  Is minimized. 

c. Unlimited Space Storage 

(U) The ARES Is stored dry In space.     Experience with 

Trans tage Indicates  that after shutdown  residual propellants leave  the engine 

In a fairly short period of  time:    N.O,   leaves in a matter of a few seconds; 

AeroZINE 50 leaves j.n the order of 20 minutes.    Propellent trapped between 

tight fitting components,  such as bearing races and the housing or shaft, 

probably remains  for significantly longer.    How long propellant remains in 

these parts and its effect must be determined experimentally.    However, 

materials used in  the engine ate compatible with  the propellants  in the absence 

of contaminants.    Water combining with NO    results  in the formation of acids 

which would attack engine parts      In vacuum,  there is no water, so this is 

probably not a problem.    AeroZINE 50 forms solid precipitates with many common 

lubricants that could plug vital engine parts; however, no lubricants are used 

in the engine.    Precipitates formed by the action of N„0.  on the ferric metals 

in  the engine are volatile in the absence of water. 

d. Reuse 

(U) The ARES engine has been designed with potential reuse 

in mind.  It is recognized that component and engine system demonstrations are 
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III,  B,  Description (cont.) 

needed to verify reuse; however,  features have been designed into the engine 

specifically to enhance its  reuse potential.    The  thermal liners in the primary 

combustor and turbine exhaust region combined with  the cooled housing parts 

reduce thermal stress  to  the level needed for many cycle operations.     The low 
11 

turbine drive gas  temperature reduces potential turbine life problems.    Also, 

the turbine is an inherently low stress design because of the engine cycle. 

The  thrust chamber nozzle is similar in design to that used on Transtage and 

B Apollo.     Trans tage has demonstrated life of 439 sec with 205 restarts without 

failure of  the nozzle extension.     Conditions  are somewhat different in the 

ARES engine, but the potential of  long nozzle life and reuse is  clearly 

indicated. 

(U) Reuse and even long-term ground storage present several 

problems   that do not exist in a space storage situation.     The presence of 

water and N-0,   is  the most severe  condition.    While experience indicates  that 
2 4 

the ARES engine materials are compatible with the propellants,  contamination 

of N„0.  with water will cause corrosion.    Therefore,  cleaning procedures must 

be developed that will remove propellants from the engine.    Then,  as a further 

assurance,  the engine should be isolated from moisture.    One means of accom- 

plishing this is by storing the engine with a cover over the nozzle exit,     A 

desiccant can be placed inside the nozzle to absorb  any residual moisture. 

Experience has shown that the bearings, which use  the least corrosion resistant 

material in the engine,  are not highly susceptible to corrosion even in the 

absence of a preservative,  if  cleaned and kept reasonably dry.     Some of the 

bearings used for the ARES testing have been stored under uncontrolled condi- 

tions  in a desk drawer for years without corroding. 

Page III-ll 

UNCLASSIFIED 



I 
I 
I 
I 

I 
I 
[ 
L" 

[ 

[ 
[ 

[ 

[ 

I 
I 

CONFIDENTIAL 

Report 10830-F-l, Phase I, Supplement 1 

TABLE III-I 

ARES PRESSURE SCHEDULE (U) 

Configuration: Mark I, Mod I (Inline TPA, Transpiration Cooled TCA) 

Pressure, psla Thrust Secondary 
(Total Pressure Unless Otherwise Chamber Primary Conibustor Combustor 

Indicated) Coolant and Hot Gas Fuel 

Oxidi zer Fuel 

Boost Pump Inlet 36. 3* 19.5 ** 

Boost Pump Discharge 171 93 
Main Pump Inlet 168 90 
Main Pump Discharge 5800 5500 
Second Stage Fuel Pump Inlet 5150 
Second Stage Fuel Pump Discharge 6150 

Manifold AP 125 0 50 100 
Balancing Orifice AP 725 200 
Control Valve AP 500 1815 
Manifold AP 50 100 100 100 
PC Injector Inlet 5500 5500 
PC Injector AP 600 600 

PC Injector Face A900 
AP to Turbine Inlet 125 
Turbine Inlet 4775 
Turbine P Total to Static 1790 
Turbine Pressure Ratio Total to Stati c 1.6 
Turbine Exit Static Pre issure 2985 

Turbine Exit Total Pressure 3035 
AP to SC Injector 25 
SC Injector Inlet 3010 3485 
SC Injector AP 125 600 
Transpiration Cooling P (Ref. only) 2100 

SC Injector Face 
AP to SC Plenum 
SC Chamber Pressure Ratio 
SC Chamber (P  ) 

c 

*Equlvalent to 30 ft NPSH 
**Equlvalent to 43 ft NPSH 

2885 
85 

1.03 
2800 

Table III-I 

CONFIDENTIAL 



CONFIDENTML 

Report 10830-F-l, Phase I, Supplement 1 

TABLE III-II 

ARES OPERATING POINT 

1. Liquid Injector pressure drops were Increased to 600 psl to provide 

high stability margin at off-design conditions. 

2. The Ap of 850 psl originally allocated to the oxldlzer regenerative- 

cooling Jacket (not required with transpiration cooling) was distributed 

approximately as follows: 

a. 300 psl added to primary oxldlzer injector AP to provide 
stability under throttled conditions (Report AFRPL-TR-68-2). 

b. 250 psl added to oxldlzer housing and manifold AP to provide 
orificing for contingencies (balancing and tradeoff of AP 
with other components). 

c. 200 psl added to turbine inlet pressure to reduce turbine 
inlet temperature. 

d. 100 psl removed from oxldlzer pump discharge pressure. 

3. No change in turbine characteristics with the exception that the 

design point pressure ratio was increased from 1.5 to 1.6 to reduce turbine 

operating temperature. 

4. No change in main pump characteristics, with the exception that the 

H and Q design point values were adjusted to the engine operating point 

values. 

0 
0 
D 

Configuration: Mark I, Mod I (Inline TPA, Transpiration Cooled TCA) 

The parameters In this table define the target operating point for this 

engine configuration. This operating point is similar to the operating point 

predicted for the backup engine (Inline TPA) in the ARES Phase I Interim Final 

Report. Following are the changes in conditions: 

Table III-II 
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TABLE III-II   (cont.) 

5. No change in boost pump and turbine characteristics with the 

exception that  the design point values were adjusted to  the engine operating 

point values. 

6. The A? between the boost pumps and the main pumps was  reduced 

because  the suction lines were eliminated. 

7. Nominal w    „  (transpiration coolant flow) was  set at  18.6  lb/sec. 
OrL 

8. Fuel bypass flow (bearing coolant) of 1.25 lb/sec from second-stage 

pump discharge to first-stage pump suction has been added. 

Table III-TI 
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TABLE III-II (cont.) 

Engine Assembly 

Parameter Symbol Units Value 

Thrust F lb 100,000 

Specific Impulse  (Sea Level) 
*. 

sec 285 

Mixture Ratio* MR - 2.38 

Efficiency,  Specific Impulse nI. % 91.6 

Oxidizer Weight Flow w OSBP lb/sec 247.1 

Fuel Weight Flow w FSBP lb/sec 103.8 

Total Weight Flow 
T lb/sec 350.9 

Fuel Suction Pressure PFSBP psia 19.5 

Oxidizer Suction Pressure 

Secondary 

POSBP 

Combustor 

psla 36.3 

Parameter Symbol Units Value 

Chamber Pressure, Plenum psc psia 2,800 

Combustion Efficiency no - 96.3 

Nozzle Efficiency % - 95.2 

Mixture Ratio,   Injector msc - 2.20 

Fuel Flow, Injector • 
W 

FSC 
lb/sec 84.4 

Gas Weight Flow to Injector • 
WGSC 

lb/sec 247.9 

Oxidizer Transpiration Cooling Flow • 
W 

OFC 
Ib/^ec 18.6 

Throat Area 
^SC 

in.2 21.35 

*Includes transpiration cooling. 

Table III-II 
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TABLE III-II (cont.) 

Parameter 

Area Ratio 

Pressure Patio (Sea Level) 

Characteristic Length 

Characteristic Velocity* 

Thrust Coefficient* 

Secondary Combustor (cont.) 

Symbol Units Value 

- 20 

^SC - 190.5 

LSc m. 35 

c!c ft/sec 5,481 

c. _ 1.673 

D 

E 

Primary Combustor 

Parameter Symbol Units Value 

Chamber Pressure,  Injector Face PPC psla 4,918 

Gas Temperature TPC 
0F 1,156 

Mixture Ratio ^c - 11.64 

Oxldlzer Flow • 
W0PC 

lb/sec 226.2 

Fuel Flow WFPC 
lb/sec 19.4 

Propellent Total Flow *TI lb/sec 245.6 

Characteristic Velocity c?c ft/sec 2,332 

Specific Heat Ratio ^c - 1.253: 

ilolecular Weight 
"PC lb/mole 34.1 

*Ba8ed on geometric throat area and engine total flow. 

I 
I 
I 

Table III-II 
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TABLE III-II (cont.) 

Parameter 

Area Ratio 

Pressure Ratio (Sea Level) 

Characteristic Length 

Characteristic Velocity* 

Thrust Coefficient* 

Secondary Combustor (cont.) 

Symbol Units Value 

- 20 

W — 190.5 

He In. 35 

c*sc ft/sec 5,481 

c. _ 1.673 

(i 

Primary Combustor 

Parameter Symbol Units Value 

Chamber Pressure,   Injector Face PPC psia 4,918 

Gas Temperature TPC 
0F 1,156 

Mixture Ratio 
^C - 11.64 

Oxidi'-er Flow w 
OPC 

lb/sec 226.2 

Fuel Flow • 
WFPC 

lb/sec 19.4 

Propellent Total Flow 4II lb/sec 245.6 

Characteristic Velocity Ic ft/sec 2,332 

Specific Heat Ratio 
"PC - 1.2532 

Molecular Weight 
«PC 

lb/mole 34.1 

*Based on  geometric throat  area and engine total flow. 

Table III-II 
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TABLE III-II (cont.) 

Main Turbopump - Pumps 

Symbol 

Propellent Temperature 

Propellent Temperature 

Fuel 

FSM-1 

FSM-2 

Propellent Specific Weight  Y
FSM_I 

Propellent Specific Weight 

Shaft Speed 

Total Suction Pressure 

Tota] Suction Pressure 

'FSM-2 

N„ 

FSM-1 

FSM-2 

Total Discharge Pressure 

T tal Discharge Pressure 

Head (noncavitating) 

Head 

Weight Flow 

Weight Flow 

Volume Flow 

Volume Flow 

FDM-1 

FDM-2 

FDM-1 

H 
FDM-2 

w 
FSM-1 

w. 
FSM-2 

'FSM-1 

'FSM-2 

Ratio Pump to Engine Flow   R«r.qM_i 

OSM 

OSM 

Vn 

OSM 

Net Positive Suction Head   NPSH_-„ ,   NPSH__„   ft 

ODM 

ODM 

OSM 

^OSM 

FÄOSM 

Table III-II 
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psia 

psla 

ft 

ft 

lb/sec 

lb/sec 

gpm 

gpm 

Value 
Units Fuel Oxidizer 

0F 78.8 79.8 

0F 93.8 

lb/ft3 56.0 89.4 

lb/ft3 56.5 

rpm 30,000 30,000 

psia 90 168 

psia 5,149 

224 

886 

164 

244 

5,500        5,818 

6,170 

13,897      9,102 

2,598 

110.6        266.2 

20.7 

1,337 

1.065        1.078 

- 
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TABLE III-II  (cont.) 

Main Turbopump - Pumps ( cont.) 

Parameter Symbol 
Unit 

Value 
Fuel Oxidizer Fuel Oxidizer 

Ratio Q/N 
QFSM-I

/N
T Q0SM/NT 

gpm/rpm 0.0295 0.0446 

Ratio Q/N QFSM-2/NT 
gpm/rpm 0.0055 

Specific Speed NSFM-1 NSOM   ' 

1/2 
1,777 

Specific Speed N WSFM-2 

1/2 
rpm epm     056 
ft37A    

1'U:>0 

Ratio H/N2 x 106 

(noncavitating) 
HFDM-1/NT2 HODM/NT2 

2 
ft/rpm 15.44 10.11 

Ratio H/N2 x 106 HFDM-2/NT 
ft/rpm 2.89 

Efficiency 
VM-I 'TOM 

% 63.0 68.0 

Efficiency nFM-2 
% 55.0 

Shaft Power SHP™-1 SHP
OM 

hp 4,437 6,480 

Shaft Power SHPFM-2 
hp 180 

Suction Specific Speed SFM-1 
SOM 

1/i rpm gpm 

ft3" 

> 

- 15,420 17,930 

Suction Specific Speed SFM-2 

1/i rpm gpm 
- 315 

0 

Table III-II 
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TABLE III-II  (cont.) 

Main Turbopump - Turbine 

Parameter Symbol Units Value 

Pressure, Inlet Total p 
TIT 

psia 4,784 

Temperature, Inlet Total T 
TIT 

"F 1,156 

Pressure Ratio, Total to Static «PT - 1,600 

Static Back Pressure p 
TES 

psia 3,654 

Temperature, Exit Total T 
TET 

oF 1,046 

Gas Flow *TI lb/sec 245.6 

Shaft Speed NT rpm 30,000 

Shaft Power SHPT hp 11,097 

Efficiency, Turbine nT % 75.6 

Table III-II 
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Parameter 

Propellant Temperature 

Propellant Specific Weight 

Total Suction Pressure 

Net Positive Suction Head 

Shaft Speed 

Total Discharge Pressure 

Head (noncavltatlng) 

Weight Flow 

Volume Flow 

Ratio Q/N 

Specific Speed 

2 
Ratio H/N (noncavltatlng) 

Efficiency, Pump 

Shaft Power 

Suction Specific Speed 

TABLE III-II (cont.) 

Boost Pump - Pump 

Fuel 

T 
FSBP 

YFSBP 

PFSBP 

NPSH 

Symbol 

FSBP 

N 
FTBP 

FDBP 

H 
FDBP 

FSBP 

^SBP 

QFS'NFTBP 

SFBP 

HFDBP 

FTBP 

'FBP 

SHP 
FBP 

Oxldlzer  Units 

OSBP 

'OSBP 

OSBP 

NPSH 
OSBP 

N 
OTBP 

ODBP 

H 
ODBP 

w 
OSBP 

^OSBP 

QOS'NOTBP 

lb/ftJ 

psla 

ft 

rpm 

psla 

ft 

lb/sec 

gpm 

Value 
Fuel 

77 

56.1 

19.5 

43.0 

8,000 

93 

188 

103.9 

831 

N 
SOBP 

H0DBP 
N0TBP2 

'OBP 

SHP OBP 

gpm/rpm  0.104 

1/2 
gffi   4,545 

ft 
2 rpm 

% 

hp 

2.94x10 

65.0 

55 

-6 

Oxldlzer 

77 

89.5 

36.3 

30.0 

8,000 

171 

218 

247.1 

1,239 

0.155 

4,966 

3.40x10 

64.8 

150 

-6 

1/2 

FBP OBP 
rPm^Pm  13,730  29,950 

ft**'* 

Table HI-II 
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TABLE III-II (cont.) 

Parameter 

Pressure, Inlet Total 

Temperature, Inlet Total 

A Pressure 

Static Back Pressure 

Flow, Turbine Drive 

Shaft Speed 

Shaft Power 

Efficiency, Turbine 

Boost Pump - Hydraulic Turbine 

Svmbol 
Units 

Value 
Fuel Oxidizer Fuel Oxidizer 

PTITFBP PTITOBP 
psla 5,350 5,668 

TTITFBP TTITOBP 
0F 93.8 94.9 

AP 
TFBP 

AP 
TOBP 

psi 5,300 5,546 

PTEFBP PTEOBP 
psia 50 112 

• 
WFTBP 

• 
W0TBP 

lb/sec 5.5 19.2 

N 
FTBP 

N 
OTBP 

rpm 8,000 8,000 

SHPFTBP SHP0TBP 
hP 55 150 

^■CTDn ^/-»TDTJ % 40.5 49.9 

[ 
Table III-TI 
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TABLE III-III 

ARES WEIGHT AND MOMENT OF INERTIA SUMMARY 

Predicted Data,  Calculated from Layout Drawing 

Configuration:    Mark I, Mod 1 (Inline TPA,  Transplratlon-Cooled TCA) 

Component Assembly 

Turbopunp 

Primary Combustor,  Injector, 
Valve and Line 

Secondary Injector, Valve and Line 

Thrust  Chamber Assembly and Nozzle 
Extension 

Boost Pumps   (2) 

Suction Valves and Fropellant Inlet 
Housings (2) 

Total 

Weight 
(Dry),  lb 

226.3 

63.6 

85.0 

189.7 

36.0 

62.0 

662.6 

Moment of Inertia 
(Dry) 

About Glmbal, 
Slug ft2 

9.6 

6.0 

10.4 

51.1 

1.7 

4.0 

82.8 

D 

I , 

Table  III-III 
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TABLE III-IV 

ARES MATERIALS LIST 

Configuration: Mark I, Mod I (Inline TPA, Transpiration-Cooled TCA) 

Material Surface 
Environment 

Part 

1. Turbopump Housing 

2. Turbopump Shaft 

3. Turbine Nozzle 

4. Turbine Rotor 

5. Turbine Shaft Labyrinth 

6. Turbine Disc Nut 

7. Turbine Exhaust Flow 
Distribution Plate 

8. Thrust Takeout Plate 

9. Fuel Pump, 1st Stage 
Impeller 

10. Fuel Pump, 1st Stage 
Backplate 

11. Fuel Pump, 1st Stage 
Inducer 

12. Fuel Pump, 1st Staf.e 
Inducer Housing 

13. Fuel Pump, 2nd Stage 
Impeller 

14. Fuel Pump, 2nd Stage 
Backplate & Retaining Nut 

15. Fuel Pump Labyrinth 
Inserts 

16. Fuel Pump Radial Bearing 

17. Fuel Pump Thrust Bearing 
Sleeve, Retainers & Bolt 

(Wall Temp, 0F) Material 
Fuel  Oxid  Gas (Alternates Shown in Parentheses) 

200oF 200oF 600oF INCO 718 

77   600  1000 INCO 718 (AM 355) 

1200 Haynes 25 (713 C) 

600  1200 Forged Udimet 700 (Waspalloy) 

500    - AM 355 

1000 AM 355 

1200 Udimet 700 (Waspalloy) 

77 

77 

77 

77 

77 

100 

100 

100 

200 

100 

AM 355 

17-4PH Cast, LC-1 Flame Plated 

AM 3,J5, LC-1 Flame Plated Land 

Titanium 6Al-4Va 

SS 347, LC-1 Flame Plated Land 

AM 355 

AM 355 

Pressure Relieved Kynar 

SS 440C Rollers & Races, Glass- 
Filled Teflon Cages 

AM 355 

Table III-IV 
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TABLE III-IV (cont.) 

Part 

Material Surface 
Environment 
(Wall Temp, 0F) 

Fuel  Oxld  Gas 

18. Fuel Pump Thrust Bearings 200 

19. Fuel Bearing Shaft        77 
Retaining Nut 

20. interpropellant Seal 

21. Oxld Pump Impeller 

22. Oxld Pump Impeller 
Hydrostatic Seal 

23. Oxldlzer Pump Inducer 

24. Oxldlzer Pump Inducer Nut 

25. Oxld Pump Radial Bearing 

26. Oxld Pump Radial Bearing 
Retaining Nut 

27. Oxld Pump Inducer Insert 

28. Fuel Boost Pump Inlet 
Housing 

29. Fuel Boost Pump Discharge 
Housing 

30. Fuel Boost Pump Impeller 

31. Fuel Boost Pump Impeller 
Nut 

32. Fuel Boost Pump Shaft 

33. Fuel Boost Pump Bearing 
Housing 

34. Fuel Boost Pump Bearing   200 

35. Fuel Boost Pump Bearing    77 
Retaining Nuts 

77 77 

- 200 

- 77 

- 77 

- 77 

- 200 

- 500 

- 77 

- 

- 

- 

- 

- 

_ 

Material 
(Alternates Shown in Parentheses) 

SS 440C Races, K5H Balls, Glass- 
Filled Teflon Cages 

AM 355 

Carbon Stationary Ring, LC-1 
Flame Plated, 440C Rotating Ring 

17-4PH Cast, LC-1 Flame Plated 
Land 

LC-1 Flame Plates SS 347 

AM 355 

AM 355 

SS 440C Rollers & Races, Glass- 
Filled Teflon Cages 

AM 355 

Graphite-Filled Vespo SP-21 

SS 347 

Al A356 Cast 

Al 7075-T73 

Al 7075-T6 

AM 355 

AM 355 

SS 440C Rolling Elements & Races, 
Glass-Filled Teflon Cages 

SS 347 

li 

Table III-IV 
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TABLE III-IV (cone.) 

Part 

Material Surface 
Environment 

(Wall Temp,   0F) 
Fuel      Oxld      Gas 

36.     Fuel Boost Pump Turbine 77 
Rotor 

37. Fuel Boost Pump Turbine 
Stators 

38. Oxldlzer Boost Pump 

77 

39. Fuel Suction Valve Body 77 

40. Fuel Suction Valve Poppet 77 

41. Fuel Suction Valve Springs 77 

42. Fuel Suction Valve Poppet 77 
Seal 

43. Fuel Suction Valve Static 
Seals 

77 

1 

44. Fuel Suction Valve Shear 
Seal (Optional, Long-Term 
Storage) 

77 

45. Oxldlzer Suction Valve - 

46. Primary Fuel Valve Body 100 

47. Primary Fuel Valve Shaft 100 

48. Primary Fuel Valve Sleeve 100 

49. Primary Fuel Valve 
Bearings 

100 

. 50. Primary Fuel Valve 
Dynamic Seals 

100 

■ 51. Primary Fuel Valve 
Static Seals 

100 

! 

52. Secondary Fuel Valve 200 

0 w 

77 

77 

Table III-IV 
Page 3 of 4 
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Material 
(Alternates Shown in Parentheses) 

AM 355 

AM 355 

Same materials as Fuel Boost 
Pump (Items 28 through 37) 

SS-17-4PH 

SS-17-4PH Ui  350) 

SS-17-7P1I 

Teflon 

Teflon 

SS 304L 

Same materials as Fuel Suction 
Valve (Items 39 through 44) 

Integral part of Primary Injector 

AM 350 (17-4PH) 

SS-17-4PH (AM 350) 

440C 

Teflon 

AS 4004 (Butyl) 

Same materials as Primary Fuel 
Valve, except valve body is 
integral part of Secondary 
Injector 
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TABLE III-IV (cont.) 

Part 

61. Secondary Combustor 
Washers 

62. Secondary Combustor 
Housing 

63. Nozzle Extension, First 
Section 

64. Nozzle Extension, Second 
Section 

Material Surface 
Environment 
(Wall Temp, 0F) 

Fuel  Oxld  Gas 

53. Primary Fuel Feed Line 100 

54. Secondary Fuel Feed Line 100 

55. Fuel Boost Pump Turbine 
Feed Line 

100 

56. Oxidizer Boost Pump 
Turbine Feed Line 

100 

57. Primary Injector 200 

58. Adapter Turbopump/ 
Comb us tors 

- 

59. Primary Combustor Liner - 

60. Secondary Injector 600 

Material 
(Alternates Shown In Parentheses) 

- - MIL-T-6845 304 

- - MIL-T-6845 304 

- - MIL-T-6845 304 

- - MIL-T-6845 304 

200 1200 SS 347 

- 1200 INCO 718 (Haslelloy X) 

- 1200 Hastelloy X (Rene 62, INCO 

- 1200 SS 347 

1625 - SS 347 (Nickel) 

300 ^. Maraging Steel - 18% NicVel 
Soakback - (Titanium) 

2200  Columbium (10 HF, 1 Ti) 

1100  Titanium (5 Al, 2.5 Sn) 

n 

Table III-IV 
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FUEL 

INTEGRATED f 
SUCTION VALVE 
AND BOOST PUMP 

OXIDIZER 

INTEGRATED 
.        SUCTION VALVE 

if        AND BOOST PUMP 

SECONDARY COMBUSTOR 
FUEL CONTROL VALVE 

PRIMARY COMBUSTOR 
FUEL CONTROL VALVE 

PRIMARY COMBUSTOR INJECTOR 

SECCNnARY COMBUSTOR JMJECTi 

COOLANT 

TRANSPIRATION COOLED 
SECONDARY COMBUSTOR 

 NOZZLE EXTWSION 

ARES Engine Schematic 

Figure III-l 
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SECTION IV 

TURBOPUMP ASSEMBLY 

A.       INTRODUCTION 

(U) All Phase I effort relating to the TPA, with the exception of the 

hydrostatic combustion seal, was  completed prior to the Phase I extension and 

Is reported In the Interim Final Report.    The Hydrostatic Combustion Seal Pro- 

gram was discontinued because of technical difficulties and  the Inline TPA was 

.selected for the ARES engine.    The Inline TPA does not use the w'ombustion 

seal. 

(U) The results of that portion of the combustion seal program con- 

ducted during the Phase I extension are discussed In this section. 

B.       COMBUSTION SEAL PROGRAM 

1.       Background 

(U) The ARES "T" engine configuration utilizes a seal between the 

fuel pump and the oxldlzer-rlch combustion gas, located Just downstream of the 

turbine.    The operating conditions are too severe to allow the use of a rubbing 

contact seal, however, the requirements for positive shutoff and possible 

restart necessitated the selection of a seal which would close tightly while 

inoperative.    The combustion seal Is a hydrostatic seal which was designed for 

this application.     In operation,  fuel is forced under pressure between the seal 

faces to prevent face contact.    When shut down,  the face contacts under spring 

load to provide a positive shutoff.    When operating, part of the fuel between 

the seal faces discharges into the turbine exhaust where it Is consumed in the 

oxldlzer-rlch gas.    The remainder of the fuel flows inward to the fuel bearing 

cavity.    Combustion of the fuel in the turbine exhaust region is controlled and 

metal parts protected by two streams of liquid oxidlzer introduced upstream 

and downstream of the fuel entry,  respectively. 

Page IV-l 
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IV, B, Combustion Seal Program (cont.) 

2. Objective 

(C) The prime objective for the hydrostatic combustion seal pro- 

gram was the demonstration of the prototype seal under simulated ARES engine 

operating conditions for 60 seconds. The seal had to be reusable at the com- 

pletion of the test.  All tests conducted in this program are summarized in 

Figure IV-2. 

(C) The test condition goals were: 

Operating pressure    3100 + 600 psi      Gas Temperature 110) + 50oF 

Pressurizing time     0.75 to 1.25 sec    Speed 40,000 RPM 

Acceleration time     1.0 to 1.5 sec     Gas Velocity 200 to 250 fps 

Duration: 60 sec including 50 sec at 40,000 RPM 

3. Status Prior to Phase I Extension 

(U) At the conclusion of Phase I, prior to the extension, 11 hot 

rotating tests had been completed on several seals (Tests 004-014 Figure IV-2). 

These tests are described in the Interim Final Report, the accomplishments are 

summarized as follows: 

Q 
(U) The ARES Phase I program included testing of the hydrostatic 

combustion seal, using a tester which provided oxidizer-rich gas, oxidizer and 

fuel under conditions expected in the ARES engine. The tester and seal are 

described in detail in the Phase I Interim Final report and is shown as 

installed in the test area in Figure IV-1.  In order to simulate engine con- 

ditions with the tester, an intricate sequencing of a combination of pressures, 

flows, and speed was required. Several tests were terminated as a result of 

system malfunctions because of the complexity of the test setup. 

;i 
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IV, B, Combustion Seal Program (cont.) 

Hot Rotating Tests Completed: 11 

Total Combustion Duration: 82.25 sec 

Total Rotation Time: 

Over 30,000 rpm 29.65 sec 

Over 35,000 rpm 21.25 sec 

40,000 + 500 rpm 4.1 sec 

(U) At the conclusion of Phase I, It appeared that the seal and 

tester design had been optimized to the point that the only remaining task was 

to reach the program objective of 60 sec operating time. Phase I was extended 

In order that this could be done. 

4.  Phase I Extension Tests 

(U) Beginning with Test 15, a total of six tests were conducted 

during the Phase I extension (Tests 015-020 Figure IV-2).  The first three tests 

were terminated because of system malfunctions with no apparent hardware 

damage.  Test 18, after 9.1 sec operation, was stopped because of a spike in 

chamber pressure. Fosttest examination revealed damage to the rotating ring, 

seal face and burnoff shield.  This apparently resulted from oxidizer pene- 

tration across the seal face during startup, which heated the rotating ring 

until It cracked, rubbed, and Ignited in the oxidizer-rlch atmosphere. The 

burnoff shield was redesigned so that the downstream oxidizer was deflected 

at an angle of about 45° outward, eliminating the tendency to force the seal 

effluent upstream. Test 19 far exceeded any previous duration, but terminated 

in an explosion after 29.7 sec.  During Test 19, combustion jus'j downstream of 

the seal face resulted in gradual burning of the seal stationary face and 

burnoff shield and eventually caused a bellows failure. 

Page IV-3 
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5.  Conclusions and Recommendations 

(U) In two tests, the seal and running ring were eroded symmetri- 

cally and smoothly, back nearly to the fuel pockets. In three tests, there Is 

evidence that the fuel decomposed within the seal faces. This Is strong 

evidence of fuel rich burning near the surface. This probably resulted because 

the net oxldlzer Impingement angles were Insufficient to hold burning off 

the surface.  The relatively high velocity turbine exhaust oxldlzer stream 
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IV, B, Combustion Seal Program (cont.) 

(U) Test hardware for Test 20, the final test, was significantly 

modified (Figure IV-3), so that upstream and downstream oxldlrer streams were 

Introduced to Impinge Immediately above the seal face. In the same manner as 

an annular triplet Injector. Additionally, the conical portion of the rotating 

ring was removed. A further modification was Incorporated to maintain a fixed 

gap between the upstream oxldlzer supply housing and the rotating ring. The 

upstream oxldlzer supply housing was also cooled and Insulated to minimize 

thermal distortion. Test 20 was terminated after 4.7 sec, followed by an 

explosion resulting from a bellows failure. The pressure unbalance which 

stopped the test was a sudden decrease In chamber pressure and Increase In 

seal pressurlzatlon pressure. At the same time, there was a disproportionate 

Increase In outflow from the seal cavity, which could only have resulted from 

the evolution of gas at the seal face. The seal face was not severely burned, 

as would be expected with N„0,/AeroZINE 50 combustion, but the outer land was 

scored as If from rubbing. Apparently the AeroZINE 50 In the outer land of 

the seal face started decomposing during the test. The heat from this was 

sufficient to expand the seal face so that contact occurred during shutdown. 

After shutdown, and after the fuel was purged, oxldlzer entered the seal 

bellows, contacted the residual fuel In the bellows torus, and burst the 

bellows, causing minor damage. There was no evidence of thermal damage to 

the exterior of the seal, aside from the effect of the explosion In the bellows. 

f] 
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IV, B, Combustion Seal Program (cont.) 

probably aggravated this  condition.    Experimental development, wherein the 

relative momentum and Injection angles of the propellents Is varied, Is needed 

to solve this problem. 

(U) There were several Instances of bellows failure.    Initially, 

manufacturing problems were encountered.    However,  these appeared to be solved 

by the end of the program.     Other bellows failures were directly attributable 

to other failures  that occurred prior to the bellows failure.    Therefore, It 

can be concluded that the bellows design Is satisfactory. 

(U) Flame plating on the seal face was observed to rail In a 

number of Instances.    Therefore,  Improved flame plating quality or an alter- 

native process Is needed to achieve an acceptable reliability level. 

(U) The testing setup was designed to accurately simulate engine 

transient conditions.    This  resulted In an extremely complex hardware arrange- 

ment and contributed to several test malfunctions.    Redesign of this test 

setup  towards simplicity,  even at the expense of accurately simulating the 

start transient,  is strongly recommended if further feasibility testing is 

undertaken. 
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SECTION VI 

SECONDARY COMBUSTOR PROGRAM 

A.  OBJECTIVE 

(C)       The objective of the secondary rombustor program was to demonstrate 

a minimum delivered sea-level specific impulse of 28C sec during each of three 

or more tests of 20-sec minimum duration, and with the following conditions: 

Thrust: 100,000 + 5000 lb 

Chamber Pressure: 2800 + 140 psla 

Area Ratio: 20:1 (80% bell nozzle contour) 

Propellents: N-O./O.S hydrazine - 0.5 UDMH 

(U)       The injector used in these tests had to achieve a minimum duration 

of 0.5 sec of steady-state operation in an uncooled thrust chamber with steady- 

state chamber pressure oscillations not exceeding + 5% of the average chamber 

pressure value. Also, the injector had to be capable of refire without repair. 
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VI, Secondary Combustor Program (cont.) 

B.       SUMMARY 

(U)       The Phase I TCA program was Initiated In July 1965 and success- 

fully concluded In January 1968. A program schedule showing the major Items 

of work Is given In Figure VI-1. 

(C)       The first nine months of the program were devoted primarily to the 

design and fabrication of test hardware, of which the secondary Injectors and 

cooled chambers were the major components. Also during this period, residual 

hardware from the preceding exploratory development program, "Integrated 

Components Program," Contract AF 04(611)-8548, was tested to provide design 

data for the ARES configuration hardware. This hardware was designed for 

operation at 2770 psia chamber pressure and 100,000-lb thrust, virtually the 

sane as the ARES specification. The test program consisted of 13 valid test 

firings, nine for Injector evaluation and four for regeneratlvely cooled 

chamber evaluation. 

(C)       Testing with the ARES secondary Injectors was initiated In March 

1967. Twenty-four tests were conducted with two Injectors, designated the 

Fuel Rake and Mark 125.  These tests culminated with the selection of the 

Mark 125 Injector for cooled chamber testing. Testing with cooled chambers 

started in August 1966; two cooling concepts were evaluated, including the 

regenerative and transpiration cooling systems. The transpiration-cooled 

chamber proved to be the better of the two and testing with tha regenerative 

chamber was discontinued after five tests. Thirty tests were conducted with 

the transpiration-cooled chamber, during which the transpiration coolant was 

selectively reduced In an effort to optimize performance.  The required 

Phase I performance and duration requirements were not attained at this time 

because of an incompatibility problem with the Mark 125 Injector. When cool- 

ant flow was reduced to about 36 lb/sec, at which point performance was at 

approximately 86% I , chamber burnout repeatably occurred. Fuel from the 
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VI, B, Summary (cont.) 

Injector Impiuglng on the chamber wall was the cause of the problem.  It was 

concluded that a redesign of the Injector pattern would be required before the 

performance and durability requirements could be demonstrated. 

(U)       A one year extension to the Phase I program was granted to complete 

the thrust chamber objectives. All effort up to this time was reported In 

detail In the ARES, Phase I Interim Final Report  . The technical effort per- 

formed during the extended Phase I period, which commenced on 1 February 1967, 

Is reported here. 

(C)       The extended Phase I effort centered upon the development of a 

nonstreaking secondary Injector.  Two modifications to the Mark 125 Injector 

and two new injector concepts were test-evaluated during this period.  One of 

the new concepts, designated the Impinging Platelet Injector, successfully 

achieved the established performance and compatibility criteria and was selected 

for cooled chamber testing. One of these injectors was used in 41 tests for 

a total accumulated duration of 197 sec.  The injector development effort is 

fully discussed in Section VI,B, of this report.  In support of the secondary 

Injector program, two supporting studies of major significance were performed: 

(1) an analytical study In support of the streak-free injector design effort 

(2) and a laboratory air-flow test program which led to several Improvements 

In the engine test system. These efforts are discussed in detail in 

Section VI,E, of this report. 

(C)       Using the impinging platelet injector, testing was resumed with 

the transpiration cooled chamber.  A total of 46 tests were conducted with 

three chambers, including six tests of 20-sec duration and a total accumulated 

duration of 220 sec. At the conclusion of the test series, four tests had 

been conducted above the contractually required performance level of 90% I , s 

^ ' ARES. Phase I Interim Final Report, AFRPL-TR-67-75, August 1967 

Page VI-3 

CONFIDENTIAL 



CONFIDENTIAL [> 

Report 10830-F-l, Phase I, Supplement 1 

VI, B, Summary (cont.) 

one of these a 20-sec duration test. The highest performance level achieved 

was 281 sec, which Is 90.3% I . In addition, three additional tests of 20-8ec 1 s ' 
duration were conducted at a performance level of approximately 89% I . Short- 

age ot  cooled hardware prevented the demonstration of two additional 20-sec 

duration tests at the 90% I level. The cooled chamber program is discussed 
s 

In detail in Section VI,D. 
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VI, Secondary Combustor Program (cont.) 

C.       SECONDARY INJECTOR PROGRAM 

1.      Introduction 

(C) The objective of the Secondary Injector Program was to develop 

a high performance, stable, mechanically sound Injector suitable for use with 

the modular cooled secondary combustor chamber.    The success criteria for this 

effort, as defined In the contractual work statement, was that the Injector 

selected for test with cooled thrust chambers must have achieved a minimum 

duration of 0.5 sec of steady-state operation in an uncooled thrust  chamber 

with steady-state  chamber pressure oscillations which shall not have exceeded 

+5% of the average  chamber pressure value.    Additionally,  the hardware must be 

in refirable condition at the conclusion of the test. 

(U) The Mark 125 secondary injector was developed during the basic 

Phase I period of the ARES program.    This Injector had high performance and 

good stability characteristics,  and satisfied all secondary injector require- 

ments prior to cooled chamber testing as set  forth by the contractual work 

statement.    Subsequent testing with the transpiration-cooled chamber revealed 

a compatibility problem between the injector and the chamber.    When the trans- 

piration coolant was  reduced in successive steps to Increase secondary chamber 

performance, a streaking condition became evident on the chamber wall which, 

during two tests, progressed to metal erosion and subsequent destruction of 

the transpiration-cooled chambers.    The streaks were caused by direct impinge- 

ment of fuel from the injector tubes onto the chamber wall.    It was concluded 

that because of this streaking problem,  attainment of the required performance 

level with the Mark 125 injector was not possible,  and that the injector must 

be changed before the Phase I requirement could be  completed. 
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(U) The Mark 125 injector developed during the basic Phase I pro- 

gram is shown in Figure VI-2.  Testing with this injector yielded substantial 

data and general insight relative to performance and compatibility characteris- 

tics of high pressure staged-combustlon injectors. Also, during this same 

time period, new mathematical models were developed by Aerojet in which the 

performance and compatibility characteristics of a rocket injector are scien- 

tifically defined and In a form so that they can be analyzed quantitatively. 

Using these new analytical techniques, the experience gained with the Mark 125 

injector, and a mechanical design study of new injectors, a redesign of the 

ARES secondary injector to eliminate the previously encountered compatibility 

problem was initiated. A complete discussion of the analytical effort is given 

In Section VI,E,1. 
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D (U) The basic development task during the extended Phase I period 

was to develop an injector which would be compatible with the transpiration- 

cooled chamber while still maintaining high performance and good stability 

characteristics. Two parallel approaches were pursued to solve this problem. 

The first was to modify the Mark 125 injector to eliminate the Impingement of 

fuel on to the chamber wall; the second was to test new injector concepts 

designed specifically for optimum injector and chamber compatibility. This 

effort was successfully concluded with the development of a new injector, 

termed the Impinging Platelet Injector. Using this injector and the 

transpiration-cooled chamber, operation at the contractually required perfor- 

mance level was demonstrated in each of four tests, one of which was of 20-sec 

duration.  A summary of the extended Phase I effort is given in Section VI,C,2. 

Details of the injector designs and supporting test hardware are discussed in 

Sections VI,C,3 and VI,C,4.  The development test program performed and the 

test results are given in Section VI,C,5. 

2.       Summary 

i 
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(C) From this  combined study,  two modifications to the Mark 125 

Injector and two new Injector concepts were selected for test evaluation In 

the extended Phase I program.    Both modifications to the Mark 125 Injector 

were directed at eliminating the Impingement of fuel on the chamber wall.    The 

first consisted of removing the outer three rows of tubes from each vane and 

replacing ■.uem with a much larger number of smaller axially directed tubes. 

The new tube assembly had the appearance of a miniaturized candelabra,  and the 

Injector became known as the Mark 125 candelabra design.    A photo of this 

Injector is shown In Figure VI-3.    The second modification to the Mark 125 

Injector consisted of replacing the outer three rows of tubes with a single 

row of axially directed tubes.     In this design the size and number of tubes 

remained equal  to that of the original design.    This Injector,  shown in 

Figure VI-4, was known as  the Mark 125  3 ORST configuration (_3 Outer Rows 

Straight). 

(C) The   first new injector concept,  designated  the WARP injector, 

is shown in Figure VI-5.    This  injector incorporates a face plate  to precisely 

control  the oxldizer  gas  flow distribution at   the plane of  fuel  injection.     In 

the  face plate  are drilled approximately  750 holes,   the downstream sides of 

which are machined into the shape of divergent  cones.    Fuel is  injected through 

axially directed  tubes  located in  the  center of each hole;   the oxidizer gas 

flows  through  the lace plate in  the annular spaces between drilled holes  and 

the fuel tubes.    The  cones in the face plate are made to overlap at their bases, 

leaving no flat  face area for gas recirculation. 

(C) The second new Injector concept, shown in Figure VI-6,   is 

called the Platelet Injector.    The injector consists of 88 vanes,   1/8 In. 

thick, arranged Into eight symmetrical groups of 11 vanes each.     Uniform pro- 

pellent distribution Is achieved by locat.'ng the longest vane in each of eight 

groups radially and the remaining vanes In each group parallel to It, so that 

a constant-width oxldizer gas passage remains between vanes.    Each vane is com- 

posed of a left hand and right hand 1/16-in.  platelet, which are brazed 
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together to form the  finished vane.    The Inner sides of each platelet have 

matched chemically etched passages which form the Internal fuel circuit when 

the halves are joined together.    The fuel circuit passages were designed In 

two alternative Injection patterns.    In the first design,  all fuel exits from 

the vanes In an axial direction,  giving a showerhead pattern.    In the second 

design,  the exit orifices are arranged in pairs which Impinge at an Included 

angle of 60 degrees.    The fuel Is Impinged upon Itself as It leaves the vane, 

which causes the fuel streams  to break up Into a fine fuel fog. 

(C) The  injector evaluation test  program was  Initiated 14 March 

1967 and concluded 11 October 1967.    Twenty-seven tests were conducted during 

this  period,  of which  all yielded valid data.     The  test program Included one 

test with the Mark 125  candelabra Injector,  four tests with the Mark 125 

3 ORST Injector,  five  tests with the WARP Injector,  eight  tests with the 

showerhead platelet injector, and nine  tests with the Impinging platelet 

Injector.    Nominal chamber pressure and mixture ratio for all tests were 

2800 psla and 2.2, respectively.    A cumulative summary for all testing is shown 

on  Figure VI-7.    A nomenclature list of  the  tabulated quantities  Is given In 

Figure VI-8.    A representative oscillograph showing the major test parameters 

is given in Figure VI-9. 

(C) Structural problems were encountered during testing with the 

Mark 125 candelabra and WARP Injectors.    With  the former,  approximately 30% of 

the  candelabra elements  failed on the first test and testing with this  concept 

was discontinued.    In the Initial testf with the WARP Injector,   the joint 

between the face plate and its support ring failed;   this joint was subsequently 

redesigned and proven satisfactory.    Hc^ever,  erosion around the periphery of 

the  face plate occurred, which would have to be corrected by additional devel- 

opment effort.    At this  time  the platelet Injectors were operating very satis- 

factorily, so no further effort was performed with the WARP Injector.    Testing 

with  the Mark 125 3 ORST design Indicated that  the  fuel Impingement problem 
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with the basic Mark 123 had been corrected;  however, the  fuel pattern was 

still considerably coarser than with the Platelet designs, which gives the 

fuel a greater chance to bum with the transpiration coolant before being com- 

pletely vaporized.    On the basis of the success with the Platelet Injectors, 

work was  also  terminated with  this Injector. 

(C) Both the showerhead and impinging platelet injectors were 

structurally sound,  stable, and high performing.    The performance and compati- 

bility  of both  injectors was evaluated  in a special test  series  designed specifi- 

cally  for that  purpose.    Uncooled ablative-lined chambers with  steel exit 

nozzles were used for performance evaluation;   film-cooled ablative chambers 

and a special chamber transpiration-cooled in the  cylindrical section with a 

film-cooled ablative  throat section were used for  the compatibility evaluation. 

The impinging Injector proved to have higher performance and better compati- 

bility characteristics, which is primarily attributed to the better fuel atom- 

ization produced by  the impinging fuel jets.    On the basis of the results  of 

this test program,  the impinging platelet injector was selected  for cooled 

chamber testing. 

(U) Concurrent with  the injector test program, an air-flow labora- 

tory program was performed to determine the oxidizer gas  distribution at the 

plane of  fuel injection.    For this study, the engine system beginning with  the 

primary combustion chambex and extending through the secondary injector was 

mocked up in the air flow test laboratory using full-scale hardware.     Initial 

results  disclosed that the oxidizer gas  entering the secondary Injector was 

highly skewed and cored.    This was largely caused by the  unsymmetrlcal turbu- 

lators in the primary combustion chamber  (which are used  to promote mixing) . 

Replacement of  these turbulators with ones of symmetrical cross-section elimi- 

nated the skewing problem;  however,  the radial gas distribution was still 

uneven.     The program was therefore directed toward the development of flow 

distribution devices  for tailoring the  radial  flow distribution  to the desired 
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D 
condition.    The final configuration selected was a pressure drop plate 

Installed at  the secondary Injector Inlet, with holes selectively sized to 

give the proper gas  distribution entering the Injector.    As a result of this 

effort,  the  test engine was modified to incorporate the symmetrical turbula- 

tors and flow distribution plate.    A complete discussion of the air-flow test 

program Is given In Section VI,E,2. 

(U) While the oxldlzer gas distribution was greatly Improved by 

Incorporation of the changes discussed above, all maldistribution has not been 

eliminated. As the gas passes through the injector, it is redirected because 

of the body and vane designs such that It is not clrcumferentlally uniform at 

the plane of fuel Injection. With the platelet injector, this results In 

relatively low oxldlzer gas flow in the eight long vane areas, producing local 

hot zones in eight circumferential locations around the chamber wall. A 

redesign of the injector has been made which should completely eliminate this 

problem; however, the Phase I program time schedule did not permit incorporat- 

ing this Improvement into the test hardware. As a result, some over-cooling 

of the entire transpiration-cooled chamber was required in the transpiration- 

cooled chamber test program to provide sufficient cooling for these eight hot 

zones. Considerable reduction in chamber cooling requirements is anticipated 

when the Injector is  changed to correct  this problem. 

(C) The success criteria for the secondary injector program, as 

defined in the contractual work statement, was  that the injector selected for 

testing with  the cooled thrust chamber must have achieved a minimum duration 

of 0.5 sec of steady-state operation with steady-state chamber pressure oscil- 

lations not exceeding +5% of the average chamber pressure.    Also,   the Injector 

must be In reflrable  condition following the test.    These requirements were 

fulfilled in Test 1.2-16-WAM-019 with the Impinging Platelet Injector.     In 

this test, the Injector operated at steady-state for 0.94 sec at an average 

chamber pressure of 2711 psia.    Chamber pressure oscillations during the test 
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did not exceed +1.07% of average chamber pressure.    The Injector was In perfect 

condition following the test. 

(C) The durability of the Impinging Platelet injector was  conclu- 

sively proven In the subsequent cooled chamber test program.    By the conclusion 

of that program, a single injector (SN 3), had been used in 41 tests with a 

total accumulated duration of 197 sec.    Five of these tests were of 20-sec 

duration. 

3.      Injector Design 

(U) At  the conclusion of the basic Phase I period,   the compati- 

bility of injectors with cooled chambers was  recognized as  the only known thrust 

chamber problem remaining to be resolved to complete ARES Phase I contractual 

requirements.    Testing with the Mark 125 injector had provided considerable 

data and general insight relative to the performance and compatibility aspects 

of high-pressure staged-combustion injectors.    Concurrently with this testing, 

new mathematical models were developed by Aerojet in which injector performance 

and compatibility can be quantitatively analyzed.    Using these new analytical 

techniques,  together with  the experience gained with  the Mark 125 injector and 

a mechanical design study of new injectors,  a redesign of the ARES secondary 

injector was initiated. 

(U) As a result of this effort,  two modifications to the Mark 125 

injector, and two new injector concepts were selected for detail design and 

test evaluation.    These injectors were commonly known as  the Mark 125 candelabra 

injector,  the Mark 125 3 ORST injector,  the WARP injector,  and the platelet 

injector.    Design descriptions  for each of these injectors are given in  this 

section.    The analytical study performed in conjunction with the mechanical 

design effort is presented as a consolidated discussion in Section VI,E,1. 
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a.      Modifications to the Mark 125 Injector 

(1)    Candelabra Configuration 

(C) The Mark 125 3 ORST Injector was made from the 

Mark 125 candelabra Injectc  .    This modification consisted of removing the 

three candelabra assemblies from each vane and installing three 0.093-in.-dia 

x 0.015-in. wall axlally oriented tubes.    These tubes were bent and spaced In 

a manner to produce a row of 96 equally-spaced tubes at a 9.30 in.   in diameter. 

This modification attempted to place a uniform sheet of axiai!; Jniected fuel 

further away from the chamber wall and to overcome the structural im    quacy 

of  the candelabra design.    Figure VI-4 Illustrates this modified injector 

pattern. 
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(C) The basic Mark 125 inje;tor is shown in Figure VI-2. 

The "Candelabra" modification consisted of removing the outer three rows of 

tubes from each vane and cutting each vane back 0.300 in. from the trailing 

edge in the area where tubes had been removed. Tee-shaped manifolds were made 

from 0.093 in. die x 0.016 in. well tubing. To each tee manifold, six 0.062 in. 

'Ha x 0.016 in. wall injection tubes were attached.  These welded tube assemb- 

lies had the appearance of miniaturized candelabras. One of these assemblies 

was installed in each of the three outer holes in each vane.  Figure VI-3 illus- 

trates this installation. A refined fuel pattern and axlally injected fuel 

near the chamber wall were the principal Improvements of this modification over 

the original design. The height of the tee manifolds was staggered so as to 

produce minimum gas flow restriction to the 0.062-ln.-dla Injection tubes. 

The fuel injection velocity from the 576 0.062-in.-dia tubes was 81 ft/sec 

while that from the remaining 544 0.093-in.-dia tubes was 126 ft/sec. 

(2) Mark 125 3 ORST Configuration 

11 
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(U) During the test program this injector was further 

modified to support all tubes structurally to eliminate tube breakage during 

hoc-fire testing. The support was accomplished by weaving 0.040-in.-dia weld 

wire around and near the tip of the tubes of each vane.  This wire was then 

brazed where it contacted each tube. The reinforced Mark 125 3 P^T injector 

is shown in Figure VI-10. 

b.  WARP Injector 

(C) The WARP injector was designed to correct two known 

problems with the Mark 125 injector:  (1) fuel impingement on the cylindrical 

chamber wall; and (2) the inability to precisely control the oxidizer flow 

over the fuel injection area. The first problem was corrected by directing 

all fuel in an axial direction. Uniform oxidizer gas distribution was insured 

by using a pressure drop type plate with a oxidizer gas hole for every fuel 

injection point. Fuel is injected through axially directed tubes located in 

the center of each hole; the oxidizer gas flows through the face plate in the 

annular space created by the fuel tube within the drilled oxidizer hole. The 

exit of the oxidizer holes are machined as overlapping cones, leaving no flat 

plate area on the face for gas recirculation. 

(C) The WARP injector was designed and fabricated in three 

configurations, designated WARP I, WARP II, and WARP III. The WARP I was 

designed on the basis of requiring a minimum amount of fabrication lead time. 

The undesirable feature resulting from this approach was a fuel manifolding 

system known to be unsuitable for a final design should the Injector concept 

be found satisfactory.  The WARP II design provided an improved fuel-tube sup- 

port structure to the WARP I design.  In the WARP III configuration, the  fuel 

manifolding system was redesigned to eliminate the undesirable features of the 

WARP I and II designs. 
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(U) The design details for each configuration are presented 

In the following paragraphs. 

(1) WARP I Inje^or 

(C) The WARP I injector consisted of a face plate, 

supporting cylinder for the face plate, fuel Injection tubing and body-fuel 

manifold assembly. The face place, made of Inconel 718, had 753 oxidlzer gas 

holes arranged in 13 rows. Figure VI-5 shows the WARP I design. Seven- 

hundred fifty-three equal length 0,093-inn-dia by 0.020-in. wall fuel injec- 

tion tubes are routed from the inner fuel manifold to each of the oxidlzer gas 

holes, as shown in Figure VI-ll. The tubes were brazed at the fuel manifold 

end and tack welded to ehe ID side of the oxidlzer gas hole at the face plate 

end.  The tubes were directed axially and the injection velocity was 132 ft/sec. 
0 
0 
D 
0 
D 

il 
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(2) WARP II Injector 

(C) The only difference between the WARP I and WARP II 

configurations was in the method of attaching the fuel injection tubes to the 

face plate. To obtain the mote desirable charac.tet.'.stlc of centering the fuel 

injection tube in the oxidlzer gas hole, grooves were cut on the upstream side 

of the face plate in such a manner as to leave a ridge oi metal across each 

gas hole. Figures VI-12 and VI-13 show the upstream and downstream side of 

the face plate, respectively.  A hole was drilled in this ridge into which a 

short SS 347 tube was inserted and tack welded. The SS 321 stainless-steel 

fuel Injection tube was pushed through this support tube and brazed in place. 

(3) WARP III Injector 

(C) In the WARP III injector design the fuel manifold- 

ing system was completely changed. The long individual fuel tubes were replaced 
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by 32 Mark 125 type radial vanes, from which relatively short S-shaped tubes 

were attached. The design was made so that Mark 125 injectors could be reworked 

into the WARP III configuration by milling away the old tubes and the trailing 

portion of the vanes. Because of the vane design, it was necessary to reduce 

the number of fuel elements from 753 used in the WARP I and II injectors to 

713 elements. Also, the wall thickness of each tube was increased from 0.015 

to 0.020 in. to improve the structural soundness of the tubes. A photo showing 

the WARP III injector without the face plate installed is shown in Figure VI-1A. 

The injector shown had been test-fired several times with the face plate 

removed, and is in sub-standard condition; however, it serves to illustrate 

the fuel manifolding system. A face view of an assembled new injector is given 

in Figure VI-15. 

c.  Platelet Injector 

(C) The platelet injector is composed of 88 vanes, 1/8-in. 

thick, arranged into eight symmetrical groups of 11 vanes each as pictured in 

Figure VI-6. The 11 vanes vary in length from 0.850 to 4.500 in. Uniform 

propellent 'istribution is achieved by locating the longest vane in each of 

the eight groups radially and the remaining vanes in each group parallel to it, 

so that a constant 0.175-in.-wide oxidizer passage remains between each vane. 

The radius of the leading edge of each vane is such so as to decrease oxidizer 

gas boundary turbulence, whereas the trailing edge of each vane has been 

chamfered to minimize the area exposed to the combustion zone. 

(C) The vanes are secured to the injector manifold ring by 

a TIG weld Joint around the inlet of each vane. Additional strength is obtained 

by furnace brazing the Joint to achieve a solid braze fillet around each vane 

where it departs from the inlet manifold. One-inch 1ong spacers are brazed 

between the vanes approximately 1 in. above the trailing edge of each vane. 

These spacers not only assure a constant space between the vanes, but also 
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increase the resonant frequency of the vane, thereby minimizing the posaibility 

of vane flutter. 

(U) Within each octant,  the vanes vary in height as well as 

length, as can be seen in a view of the upstream side of the injector in 

Figure VI-76.    The longest vane is also the highest; vane height decreases as 

the vanes become shorter.    In addition, all vanes slope downward in the 

direction toward the injector center.    The net result is an ungulated surface 

which repeats eight times around the injector circumference.    The selection of 

this geometry is a result of the injector body design, which has an 8.5-in. 

diameter at the inlet end (turbopump interface), transitioning to 9.5-in.  at 

the outlet end  (thrust chamber interface).    The injector body design was based 

on the original T-engine interfaces,  and was used without change throughout the 

program.    Because of the tapered injector wall caused by this diameter change, 

it was necessary to vary the vane height to provide sufficient oxidizer gas 

flow to the short vane areas.    The subsequent test program showed that the 

design over compensates for this condition, providing too much flow to the short 

vane areas;  this became a major problem in the performance optimization program 

with transpiration-cooled chamber (see Section VI,C,5,b(4)).    This aspect of 

the injector design should be changed for the final engine design.    The Injector 

body diameter should be constant throughout its length, and all vanes should 

be of equal height and flat over their full length.    With this modification, 

the oxidizer gas velocity and direction will remain constant throughout the 

injector, and the flow distribution exiting from the injector will be Identical 

to that entering. 

■ 

(U) Each vane is composed of left hand and right hand 

1/16-in. platelets, which are brazed together to form the finished vane. The 

inner sides of each platelet have matched chemically etched passages which 

form the internal fuel circuits when the halves are Joined together. Brazing 

was accomplished by first spot-welding narrow strips of 0.001-in.-thick 

Page VI-16 

CONFIDENTIAL {] 



I 
I 
0 
D 
n 
o 
D 
1, 
D 
0 

1. 
I. 
D 
D 
r 
0 
L" 

CONFIDENTIAL 

Report 10830-F-l, Phase I, Supplement 1 

VI, C, Secondary Injector Program (cont.) 

Palniro-1 gold braze alloy to the lands of one side of each vane pair. The 

vane halves were then accurately aligned and held In place by spot welding 

small pieces of 0.002-in.-thick stainless-steel foil to at least three edges 

of the assembled vane. Vanes thus assembled were then placed between platens 

and furnace-brazed at 2050oF. Post-braze X-rays were taken of each vane to 

assure that a uniform braze bond was achieved on all lands and that no braze 

runoff constricted any portion of the etched fuel circuit. 

(U) The fuel circuit passages were designed in two alternate 

configurations, designated the showerhead and impinging patterns. Each of 

these is discussed in the following paragraphs. 

(1) Showerhead Pattern 

(C) In the showerhead pattern, each platelet has a 

0.015-in.-deep fuel flow circuit etched into one side so that when the opposing 

sides are brazed together, a very accurate fuel flow circuit is achieved. The 

top half of Figure VI-16 shows two typical showerhead platelet halves. A 

photo of vane halves and an assembled vane is shown in Figure VI-17.  To 

assure proper distribution within the vane, inlet lands are spaced in such a 

way that the longest fuel flow path has the same resistance as the shortest 

path. A common manifold at the end of the inlet lands assures further uniform 

distribution. Flow is then directed through a high pressure drop flow control 

zone. Flow is controlled by etching the passages on one side only of the two 

platelet halves to a depth of 0.015 in. Upon leaving the flow control passage, 

the high velocity (160 ft/sec) fuel enters a common diffusion zone prior to 

entering the 0.275 in. long 0.030 in. x 0.060 in. injection orifices. Fuel is 

injected in discrete streams from the trailing edge of the vane at 50 ft/sec 

through a total of 2464 individual orifices. The primary combustor oxidlzer 

gas passes between the vanes at 125 ft/sec. 
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(I 
(2) Impinging Pattern 

(C) The Impinging pattern platelet Injector is Identi- 

cal In construction to the showerhead platelet Injector with the exception of 

the configuration and depth of the photo-etched fuel circuit within the vanes. 

Whereas the showerhead Injector has 2464 orifices, the Impinging pattern Is 

composed of 3696 orifices. These orifices are arranged In pairs which Impinge 

at an Included angle of 60 degrees and are smaller In size (0,030 x 0.020 In. 

as compared to 0.030 x 0.060 In. In the showerhead).  The reduction In fuel 

orifice area allows the fuel Injection velocity to be Increased from 46.7 to 

93.5 ft/sec, thereby increasing the atomlzation of the impinging fuel. The 

Increase in injection velocity, however, increases the pressure drop of the 

vane across '.hts injection orifices. Thus, to obtain the same total pressure 

drop through the vanes as in the showerhead design, approximately 275 psi, the 

flow control passage is etched on both the left and right hand side to a com- 

bined depth of 0.020 in. instead of 0.015 in. as in the showerhead pattern. 

The lower half of Figure VI-16 shows both the left and right hand side of a 

typical Impinging pattern vane. 

D 
!l 

II 

(C) Test results with the showerhead and impinging patterns 

showed the impinging design to be superior in both performance and compati- 

bility. The showerhead injectors, of which two units were fabricated, were 

still In excellent condition and capable of further testing after the test 

evaluation was completed. To provide a backup for the Impinging design, a 

design study was performed to determine methods to improve the performance 

and compatibility of the showerhead platelet injector design. Two promising 

methods were selected, and each of these were incorporated on the two shower- 

head platelet injectors. Each design increased the velocity of the oxidi/er 

gas at the trailing edge of the platelet vanes, directed the oxidizer gas into 

the fuel stream at slight impingement angles, and eliminated the oxidizer gas 

core that was thought to exist between sheets of Injected fuel. 
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(C) The first design, called the photoetched strip design, 

consists of brazing metal strips to the beveled trailing edge on each side of 

the 88 platelet vanes. These photoetched metal strips were scalloped to 

reduce the available oxidizer gas flow area and thus increase the velocity of 

the oxidizer gas into the fuel streams at a 9 degree impingement half angle. 

Narrow gaps of 0.020 in. exist between the edges of adjacent strips and permit 

some oxidizer gas to escape between the strips to prevent gas recirculation. 

Figure VI-18 illustrates this design. 

(C) The second design, designated the rod type, consisted of 

a rod suspended midway between adjacent vanes and placed flush with and parallel 

to the trailing edge of each vane.  These 88 rods, 0.156 in. in diameter, were 

suspended from special vane separators that were brazed to the sides of the 

vane. The rods forced the oxidizer gas to flow into the fuel streams at high 

velocity, approximately 200 ft/sec.  Some oxidizer gas turbulates around the 

downstream side of the rods. Figure VI-19 illustrates this design. 

4.  Supporting Test Hardware 

(U) The test evaluations of the ARES secondary injectors were made 

using uncooled and partially cooled chambers. The oxidizer-rich gas entering 

the secondary injector was generated by a primary combustor assembly developed 

on a previous program, and represents the major item of supporting test hard- 

ware in addition to the secondary chambers. Descriptions of the chambers and 

the primary combustor are given in this section. 

a.  Combustion Chambers 

(U) To evaluate the performance and compatibility character- 

istics of injectors, three types of uncooled and partially cooled chambers were 

used. These included an uncooled chamber, an instrumented ablative chamber. 
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and a trans-ablative chamber. The uncooled chamber was used to provide base- 

line thrust chamber performance data, the instrumented ablative chamber to 

provide heat transfer data to aid in preliminary evaluation of injector com- 

patibility characteristics, and the trans-ablative chamber to evaluate the 

compatibility of injectors on the transpiration-cooled chamber wall in the 

area of fuel injection where both previous chamber burnout failures in the 

basic Phase I program had occurred. 

(1) Uncooled Chamber 

of this loss was yery difficult because the roughness varied considerably from 

test to test. Therefore, the ablative expansion nozzle liner was replaced 
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(U) The uncooled chamber is shown in Figure VI-20.  It 

is composed of a chamber segment and a nozzle segment which are removable from 

each other. The chamber segment is of heavy wall-steel construction with a 

two-piece ablative liner.  The ablative liners are both fabricated of 

compression-molded high silica Refrasil material type 2230 (Western Backing 

Corporation). One piece is used in the convergent and throat section while 

the other is used in the cylindrical section.  The two-piece liner construc- 

tion permits easy replacement of eroded throat sections and salvage of cylin- 

drical sections for additional testing. Eroded throat sections are then 

reworked into cylindrical sections making maximum use of ablative materials. 

The chamber has a 9.500-ln.-dia cylindrical section, a 5.214-in.-dia throat, 

and a 30 degree convergence angle. Chamber L* is 32 in. 

(U) The expansion nozzle segment consists of a steel 

pressure vessel with a Rockide-coated steel liner.  It is attached to the 

chamber segment at an area ratio of 2:1 and extends to an area ratio of 12:1. 

Testing with ablative-lined expansion nozzles in the basic Phase I program 

resulted in severe roughening of the liner wall, which caused a considerable 

performance loss because of the increased friction.  The precise determination 
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with a steel liner, the walls of which remain smooth and allow accurate deter- 

mination of injector performance. 

■ 

(2) Instrumented Ablative Chamber 

(U) The instrumented ablative chamber is shown in 

Figure VI-21. It is identical in design to the uncooled chamber, except for 

the expansion nozzle liner and the addition of thermal instrumentation.  In 

this chamber, performance evaluation was not a primary objective; therefore 

the steel exit liner was replaced with a more durable ablative liner. The 

replacement liner is of tape-wrapped construction, 1/2 in. thick. 

(U) Thirty fast response 0.040-in.-dia Chromel/Alumel 

thermocouples are located in the cylindrical section of the chamber. These 

thermocouples are arranged into six groups of five thermocouples per group. 

The groups are equally spaced around the chamber diameter and each group is 

located at a different axial station. An oxidlzer film-coolant injection 

ring is used in conjunction with the chamber and injects coolant Just ahead 

of the first thermocouple station. 

(3) Trans-Ablative Chamber 

(U) The trans-ablative chamber is shown in Figure 71-22. 

The forward portion of the chamber is composed of a flange and three 

transpiration-cooled chamber washer compartments identical in design to the 

corresponding compartments of the transpiration-cooled chamber. The aft end 

of each washer compartment contains an instrumented thermocouple washer with 

six flush mounted thermocouples. 

(U) A film-coolant injection manifold is used downstream 

of the third compartment. The film coolant from this manifold cools the 

Page VI-21 

UNCLASSIFIED 



UNCLASSIFIED 

Report 10830-F-l, Phase I, Supplement 1 

VI, C, Secondary Injector Program (cont.) 

exposed metal flange portion of the ring and the ablative material In the 

cylindrical, convergent, and expansion section of the nozzle. This manifold 

is also used to support the transpiration washer compartments with the neces- 

sary compressive load. The ablative portion of the chamber downstream of the 

film-coolant ring uses conventional ablative uncooled chamber components. 

(U) The injector incorporates a porous injector face 

and convergent wall.  The percentage of the total oxldizer flow rate through 

Page VI-22 

b.  Primary Combustor Assembly 

(U) The primary combustor assembly used during this program 

was designed and developed during the Integrated Components Program, Contract 

AF 04(611)-8548.  An adapter was used to connect the small diameter primary 

chamber (5.0-ln. dia) to the ARES secondary injector (9.5-in. die). A photo- 

graph of the primary combustor assembly is presented in Figure VI-23.  The 

following paragraphs briefly describe each of the major components. 

(1) Primary Injector 

(U) The primary injector is shown in Figure VI-24. The 

Injector has 28 elements for each propellent. The oxldizer element is a 

60 degree impinging triplet with an Impingement distance of 1.4 in. The fuel 

element is a 50 degree cone spray element centered within the oxldizer triplet. 

The space between oxldizer streams prior to their impingement allows fuel to 

disperse outside the injection element, thereby preventing a "hot core" element 

of the type caused by a restricting gas-boundary layer. The design oxldizer 

injection velocity is 87.6 ft/sec; the fuel is introduced in a hollow cone 

spray and its true velocity is unknown.  Pressure-drop across the Injection 

elements is 200 psl for both circuits. 
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the porous wall is 3%, which is sufficient to cool the wall while not signifi- 

cantly disturbing the mixture-ratio balance across the injector face. 

(2) Primary Combustion Chamber 

(U) The primary combustion chamber is a cylindrical 

chamber of 5 in. inside diameter, 24 in. in length, and composed of two 

identical sections 12 in. long.  In the forward chamber section, three turbu- 

lators are used to promote gas mixing and ensure delivery of a homogeneous gas 

to the secondary injector.  Figure VI-25 illustrates these turbulators.  Each 

turbulator is quarter moon-shaped, tapered at the upstream side and abrupt at 

the downstream side. The elements are staggered at 180 degrees and positioned 

approximately 2-in. downstream from one another. 

(U) During the course of development testing, it was 

determined that a uniform distribution of oxidizer-rich gas was not being 

introduced to the secondary injector. Extensive air-flow testing was conducted 

in the Aerophysics Laboratory to evaluate various flow distribution devices 

that would uniformly distrib. e the oxidizer flow. This air-flow testing is 

discussed in detail in Section VI,E,2, of this report. The final design, which 

proved to be satisfactory for testing. Is shown in Figure VI-26. This design 

consists of three concentric rings located in the upstream chamber section at 

the same axial locations as the previous moon-shaped turbulator devices. The 

through-flow area of the three concentric rings matched the through-flow area 

of the moon-shaped turbulators. A perforated pressure-drop plate is inserted 

into the primary combustor adapter to further promote homogeneous and uniform 

flow to the secondary injector.  This perforated plate is very similar in hole 

arrangement to the WARP II face plate shown in Figure VI-13. The holes are 

through holes and are not coned. 

f 
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(3)    Primary Combustor Adapter 

(U) The adapter design Is shown In Figure VI-27.    It 

Is a cone-shaped part approximately 17 in.   long and Is fabricated from stain- 

less steel.    It was originally designed to permit passage of oxldlzer coolant 

from the secondary Injector to the secondary regeneratlvely cooled chamber and 

then return the coolant to the primary combustor Injector.    When the trans- 

piration cooled chamber Is used,  the oxldlzer coolant still flows through the 

adapter but It Is turned around In the transpiration-chamber adapter flange 

and does not pass Into the chamber.    The adapter also provides a thrust-take- 

out ring which connects the thrust chamber to the existing test stand 

Interface. 

5.      Development Test Program 

(U) The objective of the extended Phase I injector test program 

was to evaluate the performance and compatibility characteristics of candidate 

secondary injectors, and to perform all development work necessary to provide 

a high performing,  stable, and streak-free Injector for testing in conjunction 

with the transpiration-cooled chamber. 

(U) The test program was intlated 14 March 1967 and concluded 

11 October 1967, during which period 27 tests were conducted.    Two modifica- 

tions to the Mark 125 injector,  together with two new injector concepts, were 

evaluated in the test program.    A cumulative summary of ell tests is shown In 

Figure VI-7.    The new Impinging Platelet Injector proved to be the best 

injector, and satisfied all technical requirements prior to cooled chamber 
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(C) All Injector testing was performed at a nominal chamber pres- 

sure of 2800 psia using the 100,000-lb-thrust staged-combustion test engine. 

A description of this engine and Its operating characteristics is presented 

in Section VI,C,5,a. The detailed test program performed is discussed in 

Section VI,C,5,b. Finally, the evaluation of the test data, including both 

performance and heat transfer aspects, is discussed in Section VI,0,5,0. 

a.  Test System 

(1) Engine Description 

(U) The secondary injector test program was performed 

using the ARES staged-combustion test engine installed on Test Stand H-2 at 

Aerojet-General's Liquid Rocket test area in Sacramento, California. A sche- 

matic of this engine system is shown in Figure VI-28 with a photo of the actual 

test hardware in Figure VI-29.  (This photo shows the pumps and cooled chamber 

Installed, which were used in cooled chamber testing; however, all other hard- 

ware is identical.) Engine propelIants are supplied at high pressure from 

pressure intensifiers located above the test engine. The complete intensifier- 

fed staged-combustion engine is described on Aerojet Drawing 1122831. This 

drawing references by a dash numbering system all configurations of secondary 

combustor hardware test-fired and/or designed in the ARES Phase I program. 

Using this drawing, together with other drawings referenced therein, the detail 

design of all components can be obtained.  All drawings are permanently retained 

in the Aerojet drawing system file. 

(U) The high-pressure oxidizer is supplied to the pri- 

mary combustor through a control valve used for propellent phasing &..d termina- 

tion.  In cases where oxidizer film coolant is required, propellant is tapped 

off upstream of this valve through a separate control valve to the coolant 

injection system.  Eighty percent of the high-pressure fuel flows directly to 
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the secondary injector through a control valve and balancing orifice. The 

remaining 20% flows to the primary combustor through a control valve for pro- 

pellent phasing. 

(U) Pressure intensification is accomplished using 

single stroke positive displacement pumps. The pumps are double-piston 

devices with a large gas piston and a smaller liquid pistu.. on a common shaft. 

Gas-to-liquid piston area ratio is 5:1, giving a maximum of 6250-psi propel- 

lent pressure from the 1250-psi nitrogen gas supply pressure.  A single ctroke 

of the piston yields 5 sec of run time at engine design conditions. 

(U) In operation, the gas-side pressure is sensed and 

its value compared with a programed value in a computer.  The computer evalu- 

ates both the proportional error and integral error between the sensed pressure 

and the programed pressure, and signals operation of a gas-side flow control 

valve to correct the pressure accordingly. This system can control to any 

desired time-base pressure profile for flow rates of 10 to 280 lb/sec of oxi- 

dizer and one to 105 lb/sec of fuel. 

(U) The sequence of engine operations is established by 

valve timing and intensifier phasing to obtain the following requirements in 

order:  (1) priming of the film coolant circuit, (2) oxidizer lead to the pri- 

mary combustor, (3) primary ignition, and (4) secondary ignition on a rising 

pressure schedule. 

(U) Actual operation is accomplished by first purging 

the propellent circuits downstream of the propellent control valves prior to 

flow initiation.  Propellent is then bled into the control valves using high- 

end low-point drein valves to remove entrapped air pockets.  With the intensi- 

fier initial position set and valve actuation pressures established at the 
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valves are signaled open at required rates and the oxldlzer and fuel pressure 

rise programs Initiated following a slight delay. All rates are verified cor- 

rect by pretest engine "functional" sequence checks.  A representative oscil- 

lograph showing the start transient and steady-state portions of a test Is 

shown In Figure VI-9. 

(U) Several protective measures are Included In the 

engine operation sequence to reduce the possibility of error or malfunction of 

the operating system. These malfunction detection systems operated In several 

cases, saving test hardware.  With the addition of a solid-state computer, 

several parameter "window" shutdown signals were used.  Parameters such as 

coolant flow, mixture ratio, and pressure levels were sampled during the test 

and compared to desired values and allowance tolerances.  If the limits were 

exceeded, a shutdown was Initiated. 

(U) Shutdown Is Initiated by simultaneous closing of 

the primary and secondary fuel valves. The valves closing rates are set to 

give a slight primary fuel lag. When the fuel valves are approximately 80% 

closed, closing of the primary oxldlzer valve and the oxldlzer film coolant 

valve Is Initiated. The residual oxldlzer In both circuits Is purged auto- 

matically when the system decays to 800-psl chamber pressure. Fuel Is purged 

from the engine several minutes after the test when all oxldlzer has been 

expelled. 

(U) Aerojet's transient analysis engine simulation pro- 

gram was used to establish valve timing and Intensifler phasing necessary for 

the start and shutdown requirements. The program was constantly updated to 

reflect changes In Injector volumes and combustion characteristics. In addi- 

tion, the program was used to evaluate the results of malfunction shutdowns 

experienced and to establish the malfunction signal requirements necessary to 

prevent engine damage. 
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(3)    Instrumentation 

(U) The engine instrumentation can be classified into 

five categories:    pressure, temperature,  flow,  thrust, and throat area.    All 

instruments were calibrated to National Bureau of Standard Specifications and 

have accuracies as quoted in Aerojet Technical Memorandum TM-125D.     ' 

(a)    Pressure 

Technical Memorandum No.  125, Revision D,  Revised Estimate of  Instrumentation 
Accuracy for Performance Calculations,  Contract AF 04(6A7)-521,  5 September 
1963, Aerojet-General Corporation,  Sacramento, California 
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(U) Pressure measurements were made using both low- 

frequency and high-frequency pressure transducers. The low-frequency trans- 

ducers, which were of the strain-gage type giving acceptable gain to 1000 cps, 

were used for all engine parameters needed for balance, performance, sequence, 

and failure analysis.  A schematic of the engine is given in Figure VI-28 with 

the location and nomenclature of instruments depicted. High-frequency trans- 

ducers were used primarily for evaluation of dynamic response of engine compo- 

nents and during failure analyses where pressure response was of major concern. 

High-frequency transducers of three manufacturers were used: Photocon, Klstler, 

and Microsystem.  All these transducers have natural frequencies in excess of 

20,000 cps.  A schematic defining the nomenclature of the high-frequency trans- 

ducers is given in Figure VI-30. The injector and chamber configurations pro- 

hibited the installation of flush-mounted transducers for measuring chamber 

pressure; as an alternative, a flush-mounted Microsystem transducer was located 

in the fuel injector manifold and a flush-mounted Photocon in the primary corn- 

bus tor L* barrel. 
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(b) Temperature 

(U) All temperature measurements were made using 

Chromel-Alumel thermocouples.    Primary use of these measurements was  in the 

determination of propellant specific gravities and primary combustor gas tem- 

perature.    A schematic showing the location of all thermocouples is  included 

in Figure VI-28. 

(c) Flow 

(U) Propellant  flow rates were determined using a 

positive displacement measuring system installed on each pressure intensifler. 

The heart of the system consists of a mylar  tape on which evenly spaced blips 

have been previously recorded.    This tape is mechanically tied to intensifler 

piston shaft and moves  linearly with the piston during a test.    As  the piston 

is displaced,  the tape is dtftwn between two accurately positioned recorder 

heads and the time recorded for a blip to pass from one head to another.    From 

these signals,   the rate of piston  :ravel over any  time Interval is accurately 

established.    Knowing the piston area, together with the propellant density 

and compressibility characteristics,  the propellant flow rate in . j/sec is 

then calculated. 

(U) While the total oxldlzer and fuel flow rates 

were accurately determined using the tape measuring system described above,   it 

was necessary to determine the fuel flow   s pllt between the primary and second- 

ary injectors, and in film-cooled tests,  the oxldlzer flow spit between the 

primary injector and the film coolant circuit.    Therefore, the primary injector 

fuel flow and oxldlzer film coolant flow were separately measured using 2-ln. 

rotor flowmeters meanufactured by the Potter Aeronautical Corporation.    These 

meters are turbine-type devices from which cycles  of rotation determine the 

volumetric flow rate.    Figure VI-28 shows  the location of these meters in their 

respective circuits. 
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(U) Potter flowmeters were also installed on the 

primary oxidizer and secondary fuel circuits.  These meters were 4-in.-dia and 

served as a backup flow measurement system for intensifier tests.  With the 

conversion to the pump-fed system in the cooled chamber program, these meters 

were used exclusively to establish the flow rates, since the tape system can 

be used only in conjunction with the intensifievs. Figure VI-28 also shows 

the location of these meters in the respective circuits. 

(d) Thrust 

(U) The thrust measurement system consists of four 

parts:  (1) a secondary force reference system (standard-cell) to calibrate 

the test stand force reading against actual measure values, (2) two redundant 

strain-gage force transducers to measure the millivolt output during test, 

(3) a mechanical thrust transfer system which allows the engine thrust to be 

transmitted with repeatable errors through the test stand to the transducer 

installation, and (4) a strain-gage recording system (MilllSADIC) to enable 

digital output of the data. The average of the two strain-gage readings was 

used to establish the thrust level for each test. 
■ 

(e) Throat Area 

(U) Throat area measurements were made using cali- 

brated micrometers referenced to a linear reference standard.  Four throat 

diameters were measured on each test at the following locations:  12:00, 1:30, 

3:00, and 4:30 o'clock.  The average of these measurements was used for calcu- 

lation of the throat area and nozzle area ratio. 
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b.   Detailed Test Program 

(U) The tests conducted during the extended Phase I develop- 

ment testing program can be grouped Into the following series:  (1) Modified 

Mark 125 Injector Evaluation, (2) WARP Injector Evaluation, (3) Showerhead 

Platelet Injector Evaluation, and (4) Impinging Platelet Injector Evaluation. 

Each of the series is grouped in the discussion below. This section deals 

with the mechanical integrity, erosion characteristics and compatibility of 

the respective Injector configurations.  The performance and heat transfer 

aspects are discussed in Section VI,5,c. The test data and result- for all 

tests are summarized in Figure VI-7, with a nomenclature list given ir Figure 

VI-8. The final two tests listed in the test summary were not part of the 

injector evaluation program but were performed in conjunction with the ct.eckout 

of the turbopumps installed for cooled chamber testing.  Since these tests were 

performed using film-cooled ablative chambers, the data are comparable with 

those obtained in the injector evaluation tests and are therefore included in 

the summary. 

(1) Modified Mark 125 Injector Evaluation—Tests 
1.2-16-WAM-002 through -005, and -026 

(U) The objective of this test series was to evaluate 

three modifications to the basic Mark 125 injector, including the "candelabra" 

configuration, the 3 ORST configuration (96 axial tubes around periphery), and 

the structurally reinforced 3 URST configuration. These modifications are dis- 

cussed in detail in Section VI,C,3,a.  The injectors are shown in Figures VT.-3, 

VI-4, and VI-10. 

(U) Five tests were conducted, three of which were with 

uncooled ablative chambers using Rockide-coated steel nozzles, one with the 

instrumented film-cooled ablative chamber and one with the transpiration- 

ablative chamber. These chamber configurations are discussed in Section VI,C,4. 
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(U) The first test In the series, Test 1.2-16-WAM-002, 

was performed to evaluate the "candelabra" configuration.  A 32-in. L* 

ablative chamber with a 9.5-in.-dia cylindrical section and a Rockide-coated 

steel nozzle were used in this evaluation. The test duration was 1.964 sec 

and design chamber pressure and mixture ratio were obtained. Postfire 

inspection revealed that approximately 30% of the candelabras had broken off 

either totally or in part.  Also, all tubes which feed the center section of 

the injector were broken off.  Localized erosion was noted on several vanes 

where tubes had broken close to the vane attachment point.  The posttest 

condition of the injector is shown in Figure VI-31. 

(U) Review of the test records showed that start 

transient on this test was very rough. This occurred as a result of a redis- 

tribution of resistances in the secondary fuel circuit from that employed in 

previous tests, a change made to improve the peripheral filling characteristics 

of the secondary injector inner manifold.  The bulk of the resistance was 

moved from an orifice at the fuel valve exit to the inner fuel manifold inlet, 

which results in less metering of the fuel flow at the valve during the mani- 

fold fill time. Thus, at manifold fill the secondary fuel flow was at a 

higher rate, which results in a higher ignition pressure.  This increased 

pressure rise rate produced a rapid cessation of fuel flow and caused the fuel 

system to relax and become responsive to system oscillations.  This condition 

was verified by the fact that attenuation of the oscillations occurred upon 

reinstatement of fuel pressure and flow. This condition was corrected on 

future tests by reducing the fuel intensifier pressure rise rate during manifold 

fill and increasing it rapidly following fill.  This reduces the fill flow 

rates and gives a greater stiffness to the fuel circuit following secondary 

ignition. 
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(U) Although  the rough   transient undoubtedly contributed 

to  the large number of candelabra failures,  it was  concluded that even under 

normal conditions the candelabra structure would be marginal.    Except for the 

inner row of ti*jes feeding the injector center,  the basic Mark 125 tubes 

(which have experienced structural failure in the past) were in good condition 

following the test.    Therefore,  the candelabra configuration Mark 125 injector 

was dropped from further consideration. 

(Ü) Three  tests were conducted to evaluate  the Mark 125-3 

ORST injector configuration.     The  first  two tests  (-003 and -004) were performed 

with uncooled ablative  chambers having Rockide-coated steel nozzles.     Both 

tests were nominally of 2-sec duration and no  injector damage was  sustained on 

either test.     Performance could not be evaluated on the first test because the 

ablative chamber used for this  test had previously been fired to the extent 

that  the chamber diameter and throat dimensions were no longer within specifi- 

cations.    A new chamber was  used for the second test, which yielded a valid 

performance data point. 

(U) Following the structural and performance evaluations 

of the Mark 125-3 ORST injector,  the compatibility characteristics of  the 

injector were evaluated during a test in which a film-cooled instrumented 

ablative  chamber was used  (Test -005).     This  chamber had five rows of five 

thermocouples located axially along the chamber wall to evaluate the tempera- 

ture profile in the chamber.    Test duration was  3.5 sec; postflre inspection 

of the chamber revealed extensive chamber ablation in the convergent and throat 

section.    A discussion of  the temperature profile obtained is given in 

Section VI,C,5,c,(2). 

(U) The final  test of this series evaluated the 

Mark 125-3 ORST injector with reinforced tube supports designed to prevent 

tube structural  failure during teat.    The chamber used for this test was  the 
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transpiration-ablative chamber,   thereby allowing a compatibility evaluation 

of the cylindrical portion of  ,.he chamber.    Test duration was  3 sec.     The 

injector sustained no damage and the cylindrical portion of the chamber 

showed no evidence of streaking, indicating acceptable compatibility.    Since 

the tube failure problem appears  to be dependent on test cycling,  this one 

test is an incomplete evaluation of the modification.    Because of the success 

obtained with the impinging platelet injector design, no further effort was 

performed with the Mark 125 injector. 

(2)    WARP Injector Evaluation—Tests 1.2-16-WAM-001, 
-006, -Oil through -013 

(U) This test series evaluated the WARP I and WASP III 

injectors  (Figures VI-5 and VI-15).    The  first test, of 2-sec duration, was 

made with  Che WARP  I injector in an uncooled ablative chamber.    Posttest 

inspection showed excessive damage  to the injector.    The weld which attached 

the injector face plate to the cylindrical face plate support was ruptured 

over the entire circumference.    Both face plate and fuel injection tubes were 

severely eroded.    Microscopic examination of  the failed weld Indicated a lack 

of weld penetration in some areas.    Also,   the start transient was very rough 

(similar to that obtained with  the candelabra injector on Test -002).     Because 

of the rough transient and the lack of weld penetration,   the failure  could not 

be conclusively attributed to the joint design. 

(U) Testing was  resumed with  the WARP III injector, 

which had the same  face plate support joint  (Test -006).     Again the injector 

face plate failed in much the same manner as   the WARP I  face plate in 

Test -001.    The start transient during this   test was smooth and the weld joint 

had been properly made.    It was  therefore concluded that  the joint design was 

inadequate and would have to be redesigned. 
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(U) A new WARP III Injector with a new design joint 

was evaluated in Test -Oil. No structural damage to the injector or face 

plate occurred.  However, erosion occurred about the outer periphery of the 

face plate. At this time, a parallel effort was being conducted in the 

OAerophysics Laboratory to determine the primary combustor gas flow distribution 

to the secondary injector and chamber.  Subsequent results showed that there 

was low primary oxidizer flow in the outer periphery of the injector which 

could cause recirculation of the combustion gases and erosion.  It was therefore 

concluded that, with proper primary oxidizer gas distribution, the WARP Injector 

would most likely operate satisfactorily.  However, because of the success with 

the platelet injector, further evaluo.Jon of the WARP injectors was suspended. 

(U) Two additional tests (-012  and -013) were performed 

with the WARP III injector with the face plate removed.  The purpose of these 

tests was not an evaluation of the WARP injector concept but was an evaluation 

of the engine system modifications resulting from the Aerophysics Laboratory 

air flow test program.  The injector was used solely as a workhorse unit to 

evaluate gas flow distribution devices installed upstream of the injector. 

These included three symmetrical turbulator rings extending one inch from the 

wall and having a triangular cross section with a right angle apex. The rings 

were located on 4-in. centers. To avoid possible core effects downstream of 

the last ring, an aerodynamic spud was installed in the center of the gas 

stream.  These devices proved to provide proper mixing of the primary combustion 

gases (subsequent testing proved that the aerodynamic spud was not required). 

Thermocouples in the  primary combustor measured within 100oF of each other, 

indicating a unlformally mixed exhaust gas.  No injector damage was sustained 

on either test. 
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(3)  Showerhead Platelet Injector Evaluation—Tests 
1.2-16-WAM-007 through -010, -014, -015, and 
1.2-13-WAM-015 and -016 

(U) The showerhead platelet injector was evaluated in 

this test series.  Eight tests were performed, of which six were with the basic 

showerhead platelet injector design and two with showerhead platelet injectors 

modified in an attempt to improve compatibility and performance.  The basic 

injector is shown in Figure VI-6; the two modifications tested are shown in 

Figures VI-17 and VI-18. 

(U) In the first thre.2 tests, the basic showerhead 

platelet design was evaluated in an uncooled ablative chamber having a Rockide- 

coated steel exit nozzle.  The injector's performance was satisfactory; however, 

the posttest condition of the ablative chamber indicated that the compatibility 

of the injector with the chamber wall was questionable.  Small streaks adjacent 

to the trailing edge of each vane were noted in the cylindrical portion of the 

ablative chamber.  In addition, eight heavy streaks were present which started 

in the convergent section and continued through the chamber throat.  The post- 

test condition of the chamber is shown in Figure V1-3Z. 

(U) In the next test (-010), the injector was tested 

with a film-cooled ablative chamber with 36 lb/sec N20. film coolant intro- 

duced at the top of the chamber.  The purpose of this test was to further 

Investigate the compatibility aspects of the injector-chamber configuration 

(compatibility characteristics of an injector show up more clearly with this 

setup than with an uncooled chamber, since any fuel-rich areas combine with 

the oxidizer film cooling, producing marked color variations and streak 

patterns on the ablative chamber wall). Test results again indicated incom- 

patibility in both the cylindrical and throat sections of the chamber. 
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(U) Concurrently with this test program,   the laboratory 

test evaluation of the oxidizer gas distribution entering the secondary injector 

was being performed in the Aerophysics Laboratory  (see Section VI,E).     Results 

of that program clearly showed a nonuniform gas distribution with the  test 

system in which the injectors were being evaluated.    On the basis of the 

results of  the laboratory air flow test program,   the staged-combustion test 

engine was modified to improve the primary combustor gas distribution.    The 

three unsymmetrical turbulators wore  replaced by three symmetrical turbulators; 

the injector was modified by adding vane extenders to which a screen was 

attached;   and a 4°  diffuser cone with an inlet screen was  installed in the 

adapter just upstream ot the secondary injector. 

(U) With the modification to the test engine completed, 

testing was  resumed with the showerhead platelet injector on Test -014.    This 

was an uncooled test using an ablative chamber with a Rockide-coated steel exit 

liner.    Performance was approximately 1% higher than that previously obtained 

with  the old flow distribution system.     Also,   compatibility was  improved, 

although the eight streaks  in the throat region were still prominent. 

(U) The compatibility evaluation was  then continued in 

Test -015 by  testing the injector with an instrumented ablative chamber in 

which  36 lb/sec film cooling were introduced.    A discussion of  the temperature 

profile obtained is given in Section VI,C,5,c, (1).     It was  concluded that the 

showerhead platelet injector would pirobably prove incompatible with a 

Lranspiration-cooled chamber; however,  no tests were ever made to confirm this 

suspicion.     Because of the availability of the impinging platelet injector and 

its inherently finer distribution of  fuel over the injector  face,   the program 

was directed to evaluation of that injector. 
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(U) As a backup approach, two modifications of the 

showerhead platelet Injector, designed to Improve compatibility and performance, 

were test-evaluated.  These modifications, which Included the addition of bars 

and rods to the trailing edge of the Injector vanes for oxldlzer directional 

control, are discussed In Section VI,C,3.  The bar configuration was evaluated 

In Test -015 and the rod configuration In Test -016.  Both modifications 

Improved performance slightly; however, the bars and rods sustained extfi slve 

erosion and proved unsuitable.  Posttest pictures of these Injectors are shown 

In Figures VI-33 and VI-34.  Because of the Injector failures, no assessment 

of compatibility could be made. 

(4)  Impinging Platelet Injector Evaluation—Tests 
1.2-16-WAM-016 through -024 

(U) This test series evaluated the Impinging platelet 

Injector.  A total of nine tests were performed including one uncooled test, 

three tests with film cooled ablative chambers, and five tests with transpiration- 

ablative chambers.  The successful completion of this test series resulted in 

the selecting of the impinging platelet Injector for use with the transpiration- 

cooled thrust chamber. 

(U) Because of the evidence of incompatibility in the 

test series using the showerhead platelet injector, a basic compatibility 

evaluation with the Impinging platelet Injector preceded the base performance 

evaluation using an uncooled chamber. The series was initiated with Test -016 

which employed the symmetrical turbulator system and 4° diffuser cone with 

screen installed during the previous series.  However, no vane extenders or 

screen were u^ed at the inlet of the Injector.  Posttest inspection of the 

hardware showed the screen at the inlet of the diffuser cone was dislodged. 

The ablative chamber showed good compatibility in the cylindrical section; 

however, the eight streaks previously noted with the showerhead pattern were 

present in the throat region. 
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(U) Because of the low reliability of welded screens, 

it was decided to replace the diffuser cone and screen with a pressure drop 

plate located just upstream of the injector. The selected plate was a WARP III 

face plate with a biased flow pattern to give high oxidizer flow at the injector 

periphery (see Section VI,E for details). Using this new plate. Test -017 was 

performed at a film coolant flow rate of 36.6 lb/sec.  Excellent wall compati- 

bility between the injector and the chamber was obtained.  However, heavy local 

ablation just below the throat was noted.  It is theorized that the high 

oxidizer flow at the outer periphery allowed unburned fuel to pass through the 

throat and to combust supersonically downstream of the throat, causing the 

erosion.  The heavy peripheral oxidizer flow also resulted in a uigh mixture 

ratio distribution performance loss; performance on this test was almost 2% 

lower than that previously achieved. 

(U) The pressure drop plate was then modified by 

selectively chamfering the holes in the center portion of the plate, which 

reduced the entrance losses to these holes and thereby allowed more oxidizer 

through this section of the plate.  This configuration was tested in Test -018 

with a film coolant of 37.1 lb/sec.  Performance returned to that value 

obtained in the original configuration; also, there was no evidence of the 

heavy erosion in the throat area as occurred in Test -017.  Evidence of the 

eight streaks in the convergent and throat section aligned with the long vanes 

were present, much the same as in previous tests.  Postfire inspection of the 

diffuser plate revealed that the plate had bowed approximately 0.170-in. and 

that several small cracks were present between holes.  The plate was therefore 

replaced by another WARP face plate which was also available from an unassembled 

WARP II injector kit.  Concurrently, design and fabrication of a new, stronger 

plate was initiated. 
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(C) The base performance of the impinging platelet 

injector, using the new WARP type pressure drop plate, was determined in 

Test -019.  This test was performed using an uncooled ablative chamber with a 

steel nozzle and was of 2.5-sec duration.  Delivered sea level specific impulse 

during this test was 286.3 sec (93.3% of theoretical) which was considered to be 

sufficiently high for use with the transpiration-cooled chamber in meeting the 

Phase I performance requirements. No hardware damage occurred during the test. 

Compatibility in the cylindrical chamber section appeared excellent; the condi- 

tion of the convergent and throat section was comparable to that experienced 

in previous tests. 

(U) The contractual work statement requirements for the 

secondary injector prior to cooled chamber testing were achieved in Test -019. 

The success criteria for the secondary injector was that the injector selected 

for testing with the cooled thrust chamber must have achieved a minimum duration 

of 0.5 sec of steady-state operation with steady-state chamber pressure oscilla- 

tions not exceeding +5% of the average chamber pressure. Also, the injector 

must be in refirable condition following the test.  In Test -019, the injector 

operated at steady-state for 0.94 sec at an  average chamber pressure of 2711 psia. 

Chamber pressure oscillations during the test did not exceed +1.7% of average 

chamber pressure.  The injector was in perfect condition following the test. A 

plot of chamber pressure during the data period of this test is shown in 

Figure VI-35. 

(U) With acceptable performance and compatibility levels 

Indicated, the test program proceeded to the final compatibility evaluation, 

which was made with a chamber transpiration cooled in the cylindrical portion 

and ablative-film cooled in the convergent and throat section. 
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(U) The trans-ablative chamber was  Installed and 

balanced for a total coolant   flow of 55  lb/sec of which 10 lb/sec was  to be 

injected through the transpiration compartments,   the remaining 44 lb/sec to be 

injected through a film-coolant  ring located just downstream of transpiration 

compartment 3.    The test   (-020)  proceeded without incident to its scheduled 

duration of 2.5 sec.    Transpiration wall condition was excellent with no heat 

marks noted.    Erosion was noted in the ablative  throat section in line with 

the long vane areas of the injector.    The heat-transfer evaluation of the data 

obtained in this and subsequent tests is described in Section VI,C,5,c,(2). 

(U) In the next three tests,  the transpiration coolant 

was  incrementally reduced to  7.12  lb/sec transpiration  coolant.     During the 

final test a fuel leak was incurred   in one of the platelet injector vanes 

at the manifold attachment point.     The fuel combined with the transpiration 

coolant and caused erosion down the chamber wall, which resulted in a strip 

nearly 3-in. wide and 1/4-in.   deep at  the end of the  transpiration-cooled 

section  (Figure VI-36).    Also,  a slight amount of burning occurred on the  film 

coolant ring.    The hardware was removed from the test stand and repaired.     The 

eroded section of the transpiration-cooled chamber section was restored by 

grinding out the burned section and then electro-polishing to open up  the pores 

in the chamber wall. 

(U) Testing was resumed in Test -024 with the  repaired 

injector and chamber.    Also,   fabrication of  the new stronger pressure drop 

plate had been completed and this plate was used in place of the WARP  type 

plate.     Because of the uncertainty of the operation of  the repaired hardware 

and the new plate,  the  transpiration coolant  flow rate set for this  test was 

increased to 9.25 lb/sec.     The  test was of  3-sec duration; no hardware damage 

occurred.     The cylindrical portion of the chamber,  as  in all previous  tests, 

was  in excellent condition with no evidence of streaking.     Therefore,   it was 

decided to proceed with  the evaluation of the full transpiration-cooled chamber. 
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(U) Although the compatibility of the impinging platelet 

injector is excellent with the transpiration-cooled cylindrical chamber section, 

it obviously is not perfect in the convergent and throat section as evidenced 

by the eight streaks which occur in line with the long vane areas. This condi- 

tion indicates a nonhomogeneous combustion process over the injector face which 

should be corrected in an engine development program.  The streaking results 

from nonuniform presence of oxidizer at the plane of the fuel injection, i.e., 

the trailing edge of the vanes. Using the results of the air flow program 

performed in the Aerophyslcs Laboratory, the test engine was modified to have 

relatively uniform oxidizer flow at the inlet of the injector. However, 

because of the different vane heights, together with the injector diameter 

varying from 8.5-in.-dia at the top to 9.5-in.-dia at the bottom, the oxidizer 

gas distribution changes as it passes through the injector.  (See discussion. 

Section VI,C,3,c.) This condition can be corrected by redesigning the injector 

to have a uniform diameter throughout its length and by redesigning the vanes 

so that all are of equal height. With these corrected, the oxidizer gas 

will pass through the injector with no change in velocity and should exit with 

the same distribution as that which enters the injector.  Because of 

insufficient time to make these corrections in the present program, the 

transpiration-cooled chamber has had to be overcooled in the convergent portion 

of the chamber to be compatible with the injector. By making the corrections 

D 
D 

(U) In all of  the tests described in this section,  the 

first Impinging platelet Injector fabricated, SN 3, was used.    Subsequently, 

in cooled chamber testing,  two additional injectors,  SN 4 and SN 5, were also 

tested.    Injectors SN 4 and 5 proved to be approximately 1% higher in perfor- 

mance  than SN 3.    This is believed to be the result of a better pattern 

obtained through more precise control on the injector element dimensions and 

to the fact  that approximately 50 sets of orifices in SN 3 had been plug- 

welded closed to eliminate skewed streams issuing from those elements. 

Page VI-42 

UNCLASSIFIED 11 



I 
I 
I 
i: 

i: 
f, 
r 

i 

i 
i 

f 

D 
I 

! 

r 

UNCLASSIFIED 

Report 10830-F-l, Phase I, Supplement 1 

V, C, Secondary Injector Program (cont.) 

noted above, overall system performance can be Increased since the overcooling 

of that part of the chamber will not be required. 

c.   Test Data Evaluation 

(1) Performance 

(U) The test data obtained during the secondary injector 

program were evaluated using the performance interaction theory, described in 

detail in Report AFRPL-67-75, Advanced Rocket Engine—Storable, Phase I 

Interim Final Report, Part 2, Section VI,A,5,a,(l). The delivered specific 

impulse for each test was determined through direct measurements of thrust, 

volumetric propellent flows, and propellent temperatures (from which specific 

gravities were determined). The difference between the delivered specific 

impulse and the theoretical specific impulse is the total performance loss of 

the system; the interaction theory provides a method for understanding the 

component parts of this loss and assessing their magnitudes. Performance 

losses which occur in injector testing are those due to:  (1) nozzle friction, 

(2) nozzle geometry, (3) mixture ratio distribution, (A) energy release, and 

(5) film coolant, if used. 

(U) The secondary injector program included 27 tests, 

in which four basic injector configurations were test-evaluated. Both uncooled 

and film-cooled tests were performed to provide performance and compatibility 

data. In addition, the program also Investigated six different primary gas 

distribution devices, which were used to tailor the oxldizer gas distribution 

across the injector face. A s-mmary of all test data is given In Figure VI-7. 

A nomenclature list of the symbols used in the figure and throughout the section 

appears in Figure VI-8.  The performance summary gives the calculated quantities 

of specific impulse and performance losses, together with the data necessary 
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to make these calculations.    Component specifications and other historical 

Information are also Included. 

(U) The mixture ratio distribution loss and the energy 

release loss determine  the Inherent performance level of an injector.    The 

magnitudes of these losses, however,  are influenced by the primary oxidizer 

gas distribution at the Injector inlet and therefore change with different 

primary gas distribution devices.    The combinations of the Injectors and gas 

distribution devices  tested in the program,  together with their calculated 

mixture ratio distribution  (MRD)  and energy release  (ERL)  losses, are shown 

in Figure VI-37.    In tests where film cooling was used,  the film cooling loss 

(FCL)  is also shown.    The highest performance was  obtained with the impinging 

platelet Injector using a drilled plate for primary gas distribution control. 

This  combination also Indicated relatively good compatibility characteristics. 

(1)     Frankel, F., and Volshel,  "Friction in the Turbulent Boundary Layer of a 
Compressible Gas at High Speeds," NACA TM 1032,  19A2. 

(U) Each of the five component performance losses,  as 

related to specific Injector and primary gas distribution devices  tested in 

this program, is discussed in the following paragraphs. 

(a)    Nozzle Friction Loss   (NFL) 

(U) The nozzle friction loss for each test was 
Q) determined using the extended Frankel-Volshel analysis        for smooth wall 

friction losses.    It was established early in the Phase I program that ablative 

exit nozzles in uncooled testing were not satisfactory for precise determina- 

tion of the nozzle friction loss because of the severe roughening of the nozzle 

during test.    Therefore, smooth steel-wall exit nozzles were used in all 
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uncooled tests where performance evaluation was a primary test objective.  In 

film-cooled tests, the roughening is not as severe; furthermore, the gas 

velocity at the wall is substantially reduced because of the film coolant 

boundary layer, which decreases the importance of roughness in the friction 

loss calculation.  Therefore, ablative exit nozzles were used during some 

film-cooled tests.  The nozzle friction losses (NFL) for all tests are shown 

in Figure VI-7. 

(b) Nozzle Geometry Loss (NGL) 

(U) A 15-degree half-angle exit nozzle was used 

in all tests. Variances from test to test in the calculated NGL are caused 

by changes in injector mixture ratio and the test area ratio. A tabulation 

of these losses appears in Figure VI-7. 

(c) Mixture Ratio Distribution Loss (MRD) 

(U) Mixture ratio distribution loss results from 

nonideal flow of the primary combustor gas across the secondary injector face 

and/or from nonuniformly introduced fuel.  Since the test program encompassed 

a number of devices for primary combustor gas control, the mixture ratio dis- 

tribution loss varied according to the devices used on any particular test. 

With one exception, the MRD losses listed in the test data summary (Figure VI-7) 

were determined using the results of air flow tests with the gas control devices 

in conjunction with the secondary injector. With the mass flow distribution 

determined in the air flow tests, the MRD loss was calculated using the stream 

tube analysis technique. The one exception to this procedure was the determina- 

tion of the MRD loss for the original primary gas distribution system, i.e., 

unsymmetrical turbulators and multihole orifice plate. This original system 

produced a very unbalanced flow with a predominantly fuel-rich zone around the 
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n 

o periphery of the Injector, and a heavy oxldlzer-rlch core through the center of 

the Injector.  In film-cooled tests, the outer fuel-rich zone burned with the 

oxldlzer film cooling, eliminating the otherwise expected loss.  In uncooled 

tests, the oxldlzer-rlch center core underwent turbulent mixing with the fuel- 

rich periphery In the convergent section of the chamber, again diminishing the 

performance loss.  For this reason, the MRD loss ol the original system was 

determined by using engine test data together with calculated values of nozzle 

friction loss, nozzle geometry loss, and the analytically predicted energy 

release loss.  (Normally, the energy release loss Is the parameter determined 

from data using calculated values of NFL, NGL, and MRD.)  Data from Tests 

1.2-16-WAM-007 through -010, which were performed with the showerhead platelet 

Injector, were used for the MRD loss calculation.  Subsequent testing with the 

showerhead platelet Injector using another gas distribution system showed agree- 

ment of the showerhead platelet Injector ERL to be within 0.5% of the predicted 

value. 

(d)  Energy Release Loss (ERL) 

(U) Thi'.  energy release loss for each Injector was 

determined from uncooled tests by subtracting calculated losses of NGL, NFL, 

and MRD from theoretical specific Impulse, and then subtracting delivered 

specific Impulse from the remaining quantity.  The resulting ERL's are summarized 

for each Injector In Figure VI-37. During the Injector design analysis study, 

energy release loss for each of these Injectors had been predicted, as shown In 

Figure VI-84.  Pertinent comments relallve to the ERL for each Injector are 

given In the following paragraphs. 

1   Mark 125-3 ORST Injector 

(C) Experimental ERL's of 3.7 and 2.6% were 

obtained with the Mark 125-3 ORST Injector In Tests 1.2-16-WAM-003 and -004, 

respectively.  The discrepancy of 1.1% Is substantially larger than has been 
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normally experienced; however, no error In recorded parameters  could be found 

in a detailed review of the  test data.     The predicted ERL of this injector was 

4.2%, which tends  to support the data of Test -003 as being correct.     Further- 

more,  a subsequent  test performed with the WARP injector with the face plate 

removed  (see Paragraph 2 below),  a configuration very similar to the 

Mark 125-3 ORST injector,  produced an ERL of 3.6%,   which again substantiates 

the data of Test -003.    However,  because of  the low statistical sample  available, 

the ERL of the Mark 125-3 ORST injector used in subsequent film-cooling tests 

was  taken as  the average of  the ERL's determined in  the two uncooled  tests,   or 

3.2%. 

2 WARP Injector 

(C) No steady-state performance data were 

obtained with WARP injectors because of structural problems with the  face plates. 

Two tests were made with the face plate removed. Tests 1.2-16-WAM-012  and -013, 

from which an ERL of 3.6% was calculated.     With the  face plate rmoved,   this 

WARP injector is very similar to the Mark 125  injector except th it all   tuhes 

are directed axially.    The predicted ERL was again 4.2%, which agrees within 

0.6% of the experimental value. 

3 Showerhead Platelet Injector 

(C) The ERL for the showerhead platelet 

injector which appears in Figure VI-37 for Tests 1.2-16-WAM-007 through -010 

is  the predicted value calculated during the design analysis study (see 

Section VI,E,1).    As previously discussed,   this was  necessary because  of the 

inability to determine  the MRD loss  from air flow data with the original pri- 

mary combustor gas distribution system.     In subsequent Test 1.2-16-WAM-014, 

the showerhead platelet injector was  tested with a notched screen used  for gas 

mixture ratio control.    Using the MRD loss calculated from air flow test results 
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with this screen, the Injector ERL was calculated to be 2.3%, a 0.5% difference 

from the predicted value.  The latter established value is believed to be the 

true representation of the showerhead platelet injector ERL loss. However, with 

the original primary gas distribution system, the injector ERL could truly have 

been 2.8% because, with the cored condition of the primary gas, the heat trans- 

fer to the fuel is reduced which decreases it«- vaporization rate. 

(C) Performance improvement devices vi'ID) were 

installed on the showerhead injectors during Tests 1.2-13-WAM-015 and -016. 

These devices decreased the injector ERL from 2.3% to 1.4 and 1.6% for the two 

configurations tested.  This improvement occurred because of better mixing 

caused by heavy recirculation patterns generated by these devices. 

4^   Impinging Platelet Injector 

(C) An ERL of 1.9% was established for the 

impinging platelet injector on the basis of data from Test 1.2-16-WAM ' 19. 

This ERL is in disagreement by 1.5% with the analytically predicted value of 

0.4%.  It is believed that this difference is primarily caused by incomplete 

mixing of the highly vaporized fuel stream with the oxidizer.  This effect is 

normally insignificant when the fuel vaporization is incomplete but can become 

the rate-controlling mechanism when vaporization approaches 100%.  This implies 

that even though the fuel is vaporized, unless the atmosphere immediately sur- 

rounding the fuel vapor contains oxidizer, no combustion will take place.  For 

the impinging platelet injector, it is thought that the spacing between the 

fuel vanes allows some of the oxidizer to pass into the combustion chamber in 

striated streams without properly mixing with the atomized fuel. 
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VI, C, Secondary Injector Programs (cont.) 

(e)  Film Cooling Loss (FCL) 

(C) The film-cooling losses were determined by 

subtracting all the losses previously described from the difference between 

test and theoretical specific impulse.  Normalized, these losses correlate as 

shown in Figure VI-38.  The slope of the resulting curve is approximately 0.5% 

specific impulse loss per percent of film coolant, which is the same result 

obtained during the basic Phase I film-cooling evaluation.  Of the eleven film- 

cooled test data points, three do not fit the correlation:  Tests 1.2-16-WAM-005, 

-015, and -023. 

(U) In Test -005, a very incompatible condition 

prevailed with all thermocouples overscaling past 2500oF.  This condition 

resulted from burning of film coolant with the injector exhaust products, which 

results in a lower coolant loss.  The transpiration portion of the trans-ablative 

chamber burned during Test -023, consuming coolant and thereby reducing the 

film coolant loss.  Data from Test -015 reflect a high film coolant loss in 

comparison to the other tests.  Detailed review of this test has .evealed no 

abnormalities in engine operation or test data.  It is concluded that this 

deviation is greater than would be expected with normal data scatter, indicating 

some of the test data are in error. 

(2) r»at Transfer 

(U) Two test hardware configurations capable of providing 

heat transfer data were used to define the compatibility characteristics of new 

injectors in the extended Phase I effort prior to cooled chamber testing.  The 

first was an instrumented ablative chamber with film cooliig introduced at the 

forward end of the chamber.  This hardware was residual from the film-cooled 

chamber development program of Phase I and was intended to provide visual 
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evaluation of compaclbllity  through examination of the streak and erosion 

patterns on the abxitlve chamber liner.     In support of this evaluation, 

temperature measurements from sheathed chromel-alumel thermocouples provided 

an approximate measure of the compatibility in  the cylindrical portion of the 

chamber.    The trans-ablative chamber was used as a refined means to acquire a 

quantitative measure of compatibility in the cylindrical chamber region.     This 

chamber used the same  cooling mechanism as the  fully transpiration-cooled 

chamber and eliminated the risk of destroying a complete chamber assembly. 

(U) Both the instrumented ablative chamber and  trans- 

ablative chamber proved useful in evaluating the injector-chaniber compatibility 

characteristics.    Injectors were screened for gross incompatibility with  the 

instrumented ablative   chamber and  those  showing promising compatibility  charac- 

teristics were further evaluated using the trans-ablative chamber.    This effort 

culminated in testing with the impinging platelet injector, which proved 

compatible with the trans-ablative chamber.    With this result,  testing with 

the  transpiration-cooled chamber was initiated. 

(U) The heat  transfer data obtained in the  test series 

using the two  compatibility  chambers are  discussed in  the following paragraphs. 

(a)    Instrumented Ablative  Chamber 

(U) The instrumentation for this series consisted 

of  groups of five thermocouples in close proximity to each other at each of 

six axial locations In the cylindrical portion of the chamber.    The hardware, 

together with a figure showing the thermocouple locations,  are described in 

Section VI,C,4 of this  report.    Valid test data were acquired on three injectors 

and a total of five different test configurations. 
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VI, C, Secondary Injector Programs (cont.) 

(U) Approximate steady-state values for each 

temperature measurement In the series of tests are tabulated In Figure VI-39 

together with predicted temperatures for each group of thermocouples at film 

coolant flow rates of 35 and 40 lb/sec. Wide variations In any one group of 

temperatures are attributed to Instrumentation, but similar variations In 

several groups indicate irregularities in the combustion process. 

(U) The first test (1.2-16-WAM-005) was performed 

using the 3 ORST modification of the Mark 125 injector. The thermocouple 

data, summarized in Figure VI-39, exhibited excellent correlation of tempera- 

tures within each thermocouple group and approximated the expected temperature 

difference between groups.  However, all temperatures were substantially higher 

than the theoretical predicted temperatures, which indicates some burning of 

the film coolant with the fuel. A posttest picture of the hardware showing the 

very uniform marking of the cylindrical section is shown in Figure VI-40. 

(U) Test -010 of this series was the initial 

compatibility test with the showerhead platelet injector. Despite the very 

short duration of this test due to a malfunction shutdown, the condition of 

the hardware and the thermocouple data showed a compatibility problem. 

Thermocouple readings 0.50 In. from the injector face ranged from 3t;0oF to 

burnout, or more than 2500oF for these chromel-alumel junctions. Figure VI-39 

shows further wide variations in temperature within each group of readings. 

The conditions of Row E of thermocouples (all burned out) indicate a serious 

presence of liquid fuel almost 5 in. from the injector face.  Postfire examina- 

tion of the hardware showed distinct Irregularities in both erosion and marking. 

(U) The showerhead platelet injector was re-evaluated 

In Test -015 in conjunction with a notched screen to improve the oxidizer gas 

distribution across the face of the injector. Examination of the thermocouple 
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data and the posttest condition of the hardware show some Improvement In 

compatibility. Note that In Test -010, which used the original gas distribu- 

tion system, all thermocouples In Row E burned out, whereas In Test -015, 

using the notched screen, all temperatures but one were in the vicinity of 

the predicted values. However, the generally high temperatures recorded in 

the test compared to the theoretical values show burning of the fuel with the 

film coolant.  This is also indicated by the condition of the chamber wall 

which shows relatively heavy ablation in line with each injector vane. The 

best steady-state data were in Rows A, C, and D, which exhibited temperature 

variations from 100% (Row D) to 600% (Row A). Rows B, E, and F in the upper 

two quadrants of the chamber showed the effect of some perturbation on local 

heat flux and never truly reached steady-state although the values in the figure 

are approximations to the steady-state values. Figure VI-41 shows the erosion 

pattern in the cylindrical portion of the chamber with several areas extending 

well into the convergent section. 

(U) The first compatibility test with the impinging 

platelet Injector, Test 1.2-16-WAM-016, was conducted with a 4° screened dif- 

fuser cone Installed upstream of the injector. It was determined on posttest 

examination that the diffuser cone screen had failed early in the test (see 

Section VI,C,5). Apparently because of this perturbation, all thermocouples 

responded to a severe Increase in heat flux with half of them burning out and 

only six of the remainder exhibiting true steady-state temperature measurements. 

There was no apparent pattern to the location of these six thermocouples (A-l, 

-2, -3, B-2, -4, and C-5). The hardware reflected the condition Indicated by 

the thermocouples, having a number of severe and irregular eroded areas. 

(U) The final test in this series with valid 

thermal data was also conducted with the Impinging platelet Injector. This 

test utilized a drilled plate (see details in Section VI,C,5) in lieu of all 
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other gas distribution devices.     A seventh  row of thermocouples   (Row G) was 

added at the entrance to the convergent section of the nozzles for this test. 

The compatibility of this  configuration was   the best achieved, with both the 

cylindrical and the convergent portions of the chamber showing a minimum of 

streaking.     This  is shown in Figure VI-42 where the even changes in color 

take    place one-third to one-half of the distance to the convergent section. 

The  thermocouple data partially substantiate   this observation, with more 

measurements being within  theoretical  limits  on this  test than any oLher. 

Eight  thermocouples,  however, either burned out or were invalid.    Because 

there was no apparent relation between these burnouts and the chamber markings, 

some of these failures can be attributed to the short life of this type of 

instrumentation.     Particularly notable is a  comparison between the Row D tem- 

peratures in Tests -015 and -017,  which were  conducted at approximately the 

same coolant flow rate.    The values are reduced from a range of 1000  to 1800oF 

on Test -015  to a range of 600 to 1000°F on Test -017. 

(b)    Trans-Ablative Chamber 

(U) The means of evaluating the compatibility of 

this system consisted of the temperature measurements  acquired with a single 

Instrumentation platelet at  the aft end of each of the three compartments. 

Six thermocouples of the same type used on transpiration chambers SN 001 and 

002  in Phase I of  this  contract were installed in each instrumentation platelet. 

Each thermocouple was brazed in an eloxed slot with  the depth of the junction 

subsequently determined precisely by X-ray measurement.    The instrumentation 

in the trans-ablative chamber exactly represents  the  conditions which will 

exist in the fully transpiration-cooled chamber except in the case of  compart- 

ment  3.     In  this instance,   the instrumentation platelet is directly adjacent 

to the aft flange  (see discussion in Section VI,C,4,c)  through which 40 to 

50  lb/sec of  film coolant  is  injected.     The effect of this  coolant within 
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0.050 in. of the instrumentation platelet is to greatly attenuate the tempera- 

ture effects of coolant reduction in that compartment.  The trends should still 

be evident, however. 

0 
(U) In the first four tests of the series 

(1.2-16-WAM-020 through -023, see discussion above), twelve of the possible 

eighteen thermocouples were usable and valid. Two of these were in compartment 1, 

four in compartment 2, and six in compartment 3.  A tabular summary of the mea- 

sured temperature values is presented as Figure VI-43.  This figure also shows 

the depth of each thermocouple junction from the gas-side surface. 

(U) Figures VI-4A, VI-45, and VI-46 show the 

temperature measurements in each compartment, corrected to the true surface 

value, as a function of the compartment coolant flow rate. Also shown are 

the analytically predicted temperatures. The flow rate for each test is indi- 

cated on the predicted temperature curve.  The model used to predict the 

theoretical surface temperature of each compartment as a function of the 

coolant flow rate differs slightly from that used in Phase I of this contract. 

The reasons for this change, together with a discussion of the use of the 

model, follows in the Cooled Chamber Program section.  A detailed description 

of the model is presented as Appendix 1 of this report. 

(U) The experimental data, in general, show two 

things:  some degree of normal data scatter and test-to-test variation; all 

data significantly below theoretical predictions.  This second fact is 

attributed to a combination of effects. First, the injector was used in con- 

junction with an oxidizer gas distribution plate which intentionally provided 

an excess ot oxidizer gas to the outer periphery of the chamber to improve 

the compatibility of the injector/chamber combination.  This oxidizer-rich gas 

provides cooling in addition to the transpiration coolant, but is not considered 
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In the analytical temperature prediction.    Second,  the analytical model Is 

conservative to the extent  that It assumes the presence of complete and 

uniform stolchlometrlc combustion at the Injector face and neglects any 

coolant carryover from one platelet to the next. 

(U) As coolant flow was reduced In successive 

tests,  the chamber showed Increasing degrees of dark brown or heat marks with 

the darkest marks under or In line with  the long vane areas of the Injector. 

Generally,  the chamber under the vane Intersections appeared the coolest. 

This evidence Is verified by the thermocouple data as Indicated In the follow- 

ing paragraphs.     Figure VI-47 shows the extent of the dlscolorations looking 

from the film coolant flange up to the  Injector face. 

(U) The trans-ablative chamber was damaged during 

Test -023 when an Injector vane failed.     The chamber was subsequently repaired 

by grinding at electro-polishing; however,  the thermocouples had to be 

destroyed In the repair process.     Therefore, In  the final two tests of the 

series, Tests -024 and -026, no meaningful thermal data were obtained. 

(U) The coolant flow rate in compartment 1 was 

varied between 2.4 and 2.6 lb/sec during  the test series,   too narrow a range 

to establish a trend of wall temperature vs coolant flow rate.    The tempera- 

tures measured in these tests, shown in Figure VI-44, varied from 300 to 600oF. 

Because of  the small change in flow rate  from test to test,   the temperature 

spread is attributed to normal data scatter.    The recorded temperature values 

were all substantially below the theoretical values;  this is attributed to 

the low heat load due  to the excess oxidlzer cooling from the injector and to 

incomplete combustion. 

(U) The initial coolant flow rate tested in 

compartment 2 was  3.72  lb/sec.    This flow rate corresponds  to a theoretical 
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wall surface temperature of about 1300°?.    Figure VI-45 shows that the 

measured temperatures varied from 560 to 9750F or approximately from 355  to 

770oF below that value predicted by  the analytical model.    Subsequent reductions 

In coolant flow rate, eventually to a value of 1.89 lb/sec, produced equivalent 

thermocouple data.    Test 1.2-16-WAM-023 resulted In temperatures from 385  to 

940oF below the predicted value of 1870oF.    It  can be seen from the figure 

that  the measured temperatures, over a very wide  range of coolant flow rates, 

parallel those predicted.    The consistently high  temperatures, TCSC-9 and -12, 

are diametrically opposed to each other In the  long vane areas while TCSC-11 

Is at  the vane Intersections.     TCSC-10 Is at an Intermediate location.    These 

data clearly show a marked nonuniformity associated with the basic injector 

pattern.    It Is noted, however,  that ctven In the hottest areas of the chamber 

the analytical model Is somewhat conservative.    More discussion of the com- 

parison between the model and the experimental data are Included In 

Section VI,D,4,  Cooled Chamber Program. 

(U) The compartment 3 data,  shown In Figure VI-46, 

show similar trends  to those discussed above for compartment 2 but with  the 

temperaturer greatly attenuated because of the proximity of the instrumentation 

to the film coolant flange.    Qualitatively,  the physical appearance of compart- 

ment 3 Indicated heat flux conditions similar to  those experienced In 

compartment 2. 
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D.       COOLED CHAMBER PROGRAM 

1.       Introduction 

(C) The  objective of  the Phase I  Cooled Chamber Program was  to 

demonstrate high performance and structural integrity of a full-scale cooled 

combustion chamber and nozzle.    The success criterion for this effort,  as 

specified in the contractual work statement, was  that the  cooled thrust chamber 

must demonstrate a minimum delivered specific impulse at sea level of 280 sec 

during each of  three or more  tests each of 20-sec minimum duration.    At the 

conclusion of each test, the thrust chamber must be in refirable condition. 

(U) Two cooling concepts were evaluated in the basic Phase I 

Cooled-Chamber Development Program:   (1)   regenerative cooling supplemented 

with film cooling and a thermal-barrier coating, and  (2)   transpiration 

cooling.     The  two cooling systems  represented alternative approaches:  either 

concept  could be  used  to satisfy program performance and duration requirements. 

(U) The cooled test program was initiated on 4 Aug- 3t 1966 with 

the  transpiration-cooled chamber.     Testing with  the regeneratively cooled 

chamber began on 4 November 1966.     Thirty tests were performed with two 

transpiration-cooled chambers,  and five  tests were performed with three 

regeneratively cooled chambersr    This testing demonstrated  the feasibility 

of  the  transpiration chamber   concept.    The required performance was not achieved, 

howevei:, because of  the incompatibility problem associated with the Mark 125 

injector which became apprrent during the  transpiration cooling test series. 

Fuel streaks from the injector reacted with the cxi 3izer transpiration coolant 

on the chamber wall on two occasions, resulting in burnout of the chambers. 

The streaking condition was aggravated by a 1-in.   (diametral)  transition 

section in the  chamber where  its  diameter changed  Eton 9.5   to 10.5  in., which 

promoted recirculation of the  combustion gases. 
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(C) In the transpiration-cooled chamber test series,   the lowest 

transpiration coolant  flow rate attained without chamber burnout was 

36.6 lb/sec  (Test 1.2-12-WAM-022).    The measured sea-level specific  Impulse 

during  this 3-sec test was 267.6 sec.     Performance obtained with the  regen- 

eratively cooled chamber was significantly lower,  the maximum obtained being 

237 sec.    This performance was  low for two reasons:     (I)   the xnjector used In 

the test series had  a large mixture ratio distribution loss,  and  (2)   no 

significant amount of  film cooling reduction was achieved before the  chambers 

were damaged.     Based on the relative success with the transpiration-cooled 

chamber,  no further effort was performed with  regeneratively cooled chambers. 

■ 

(U) Because of the  incompatibility problem,   testing with cooled 

chambers was  temporarily suspended.    The basic Phase I program corcluded with 

the following recommendations:     First,   develop a compatible high performing 

Injector.    This effort should include both improvement of  the fuel distribution 

of the Mark 125 injector,  as well as evaluation of new injector concepts 

designed for better  Inherent compatibility.     Second,  the  transpiration-cooled 

chamber diameter should be changed to a constant 9.5 in.,   thereby removing gas 

recirculation tendencies near the injector-chamber interface.     Third,   a backup 

approach should be pursued whereby the cylindrical portion of  the chamber is 

replaced by a 9.5-in.-dia regeneratively cooled tube bundle section,  which 

may be less   sensitive  to injector combustion  irregularities.     (No regenerative- 

cooled chamber burnouts had occurred in this   region of the chamber.)     The 

regeneratively cooled L* section would be used in coajunction with a  trans- 

piration-cooled convergent and throat segment. 

(U) These recommendations   formed the approach for the Extended 

Phase I  program, which culminated with the successful demonstration of high 

performance and durability using  the transpiration-cooled  rhamber in 

conjunction with the newly developed impinging platelet  injector. 

■ 
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(U) The specific results  and accomplishments  of the Cooled 

Chamber Program during the extended Phase I period are reported in this 

section.    A program summary is given in Section VI,D,2.    Details  of  the 

cooled chamber design and supporting test hardware are discussed in Sections 

VI,D,3.    The development  test program performed and the test results  are 

given in Section VI,D,4. 

2.       Summary 

(U) The transpiration-cooled test program was resumed following 

the successful development of the Impinging Platelet Injector. Three chambers 

were fabricated for testing during the extended Piiase I program.  These 

chambers were identical in design to those used in the basic Phase I program 

with cwo exceptions:  (1) the 10.5-ir.-dia-to-9.5-in.-dia transition section 

in the forward end of the chamber was changed to a constant 9.5 in.-dia 

throughout the cylindrical section; (2) one of the three new chambers 

incorporated an improved method of thermocouple installation, wh^ch resulted 

in extending the thermocouple life considerably. 

(U) The two chamber failures in the basic Phase I program with 

the Mark-125 injector both occurred in the cylindrical chamber region. While 

the cause of the problem was attributed to a streaking condition of the 

injector, a backup chamber program was pursued in the extended Phase I 

program wherein the cylindrical portion of the chamber was to be replaced by 

a regeneratively cooled tube bundle (a configuration which could be less 

sensitive than the transpiration cooled chamber to injector combustion 

irregularities).  The regeneratively cooled section WLaid be used in conjunction 

with a transpiration cooled convergent and throat section; this concept was 

termed the "composite chamber". Two regenerative L* sections were fabricated; 

a photo of one is shown in Figure VI-48.  However, because of the success 

achieved with the full transpiration cooled chamber, no testing was conducted 

with the composite chamber. 
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Page VI-60 

D (C) The extended Phase I transpiration cooled test program 

was initiated on 5 October 1967 and concluded on 22 January 1968.  During 

this period, 46 tests were performed with three transpiration cooled chambers. 

A cumulative summary of all tests is shown in Figure VI-49.  Test data and 

performance information are given in Figure Vl-50.  The approach used in the 

test program was to first operate the cooled chamber at the maximum coolant 

flow rate and then to selectively reduce the coolant flow in the 12 chamber 

compartments until the required performance level of 90% I was achieved. 

Three tools were available to aid in establishing the optimum coolant flow 

rate in each chamber compartment:  temperature data obtained with thermo- 

couples located between each compartment; visual examination of heat marks 

on the cooled chamber wall; and chamber burnout.  Most tests were performed 

at test durations of 1.5 to 4.0 sec; however, some tests of 20 sec duration 

were included to confirm durability at specific performance levels. 

(U) The performance of the transpiration cooled chamber as a 

function of transpiration coolant flow rate is shown in Figure VI-51.  The 

figure shows two correlations, which represent the difference in performance 

obtained with two different Impinging Platelet injectors.  SN-3 injector 

was the first Impinging Platelet injector fabricated in the program and had 

an imperfect pattern, which penalized performance approximately 1%.  Improved 

fabrication techniques on subsequent injectors eliminated this problem. 

Data points enclosed in square boxes depict 20 sec duration tests.  These 

tests were performed with the uncooled nozzle extension removed, which made 

direct measurement of delivered specific impulse impossible.  Therefore, 

for these tests, performance was established using the measured coolant 

flow rate during the test and the performance vs  coolant flow rate correlation 

established by the short duration tests. 
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VI, D,  Cooled Chamber Program (cont,) 

(C) The contractual work statement required  the demonstration 

of three short duration tests at a delivered specific impulse of 280 sec 

(90%)  and three 20 sec duration tests at a flow rate not exceeding that 

used in the performance demonstration test series.    In addition,  tolerances 

were placed upon chamber pressure and thrust for these tests.    The three 

short duration tests were successfully completed using chamber SN-5 and 

injector SN-3.     During these tests  a maximum performance level of 281 sec 

I    (90.3%) was achieved, at a coolant flow rate of 25.2 lb/sec.    Using s 
chamber SN-4 and high performing injecttr SN-4, one 20 sec duration test 

was performanced in which a delivered specific impulse of 90.5% I    was 

achieved at a coolant flow rate of 28.2 lb/sec.     (The performance of this 

test was determined from the correlation established in short duration 

tests.)     The remaining two required long duration tests were not performed 

due to hardware limitations.    The specific requirements  for the demonstration 

test series,   together with the values achieved in the test program,   are 

shown in Figure VI-52. 

(U) The flow rate distribution in each of the  12  chamber 

compartments  for the long duration high performance test is shown in 

Figure VI-53.     The measured temperature range recorded for each compartment 

for all  tests in which performance was 89% or higher is shown in Figure VI-54. 

Two facts are evident from these curves:     (1)  approximately half of the total 

coolant flow is introduced into compartments 5 and 6 and  (2)   the measured 

temperatures of the chamber are substantially below values normally 

considered safe  (the design temperature was 1900oF). 

(U) Overcooling of compartments 5 and 6 was necessary because 

of a local hot zone which existed in the immediate vicinity of the intersection 

of these  two compartments.    By increasing the number of compartments  in this 

section of  the chamber,  the flow can be better tailored  to local flow 
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f] 

a nonunlform circumferential distribution of the oxldlzer gas was  created 

as It passed through  the Injector, which resulted In localized hot streaks 

down the chamber wall.    To protect these hot zones,  overcoollng of most 

of  the chamber wall was  required. 

(C) By changing the Injector body design and the number of 

compartments In the convergent chamber region,  It Is estimated that  the 

transpiration coolant flow can be reduced to approximately 15 lb/sec, which 

would yield average wall temperature of 1600oF.    This 10 lb/sec flow reduction 

over the current flow rate requirement would result In a performance Increase 

of 2.7% Including 0.8% for elimination of MRD loss.     It Is, therefore,   concluded 

that the transpiration cooled chamber used with  the Impinging platelet Injector 

has an Inherent performance capability of 93% I  ,  or 290 sec. 

3.       Cooled Chamber Design 

a.       Transpiration-Cooled Chamber 

(U) - The ARES transplratlon-cooled combustion chamber was 

designed aarly In  the Phase I program.    Two such chambers were originally 

fabricated and test fired with the Mark-125 Injector during the basic Phase I 

program.    By the  time  the Injector-chamber compatibility problem had been 

Identified,  the Initial  two chambers had sustained erosion damage  to  the 

extent that most of the Individual washer compartments were not salvageable. 

However, all other chamber components were  reusable.    Additional washers were 
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ordered to fabricate four more transpiration chambers.  These washers were 

obtained and three complete chamber assemblies were built.  The fourth set 

of new washers was retained as spares. With the exception of the chamber 

diameter change from 10.5 to  9.5 in., and a minor modification in the method 

of installing thermocouples into the instrumentation washer, all transpiration 

chambers, SN 001 through SN 005, were of identical design. 

(U) The following paragraphs describe the transpiration- 

cooled chamber design. 

(U) The ARES transpiration-cooled combustion chamber, shown 

in Figures VI-55 and VI-56, is a workhorse design.  The chamber is composed 

of 12 Individual compartments, as shown in Figure VI-57, which are housed in 

a 1-1/2-in,-thick steel shell forming a cylinder with a diameter of about 

18 in.  Each compartment is manifolded individually to allow external control 

of gross pressure drop and flow rate. Thus, coolant flow rate may be varied 

within the compartments from test to test in an effort- to achieve optimum 

operation.  Special instrumented washers, each containing six high-response 

thermocouples, are located between compartments to measure surface temperatures, 

(U) Each compartment is composed of a stack of "washer 

pairs," as shown in Figure VI-58. These pairs consist of a 0.001-in.-thick 

flow-control washer and a flow-diffusion washer, 0.010 in, thick in the throat 

region and 0.020 in. thick in the chamber region.  The passages in the flow- 

control washer are etched through the 0,001-in. thickness, whereas the channels 

in the flow-diffusion washers are 0.0025 in. deep. 

(U) Precise metering of the coolant is achieved in the 

flow-control channels.  The flow-diffusion channels provide peripheral 

distribution of the coolant and allow the coolant to diffuse into the chamber 

through the thermal Influence zone.  All heat is exchanged in the thermal 
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influence zone; coolant flow Into this zone Is controlled by the previously 

mentioned flow-control channels and is independent of the heat input.  Coolant 

flow within the washer passages is confined to the laminar region, permitting 

accurate flow-control predictions to he  made. 

(U) As mentioned previously, each compartment's total 

flow rate can be regulated externally. However, the flow rate within the 

washer pairs themselves is further controlled by the manner in which they 

are assembled.  Because flow rate is directly proportional to flow channel 

length in the laminar flow regime, the washers were designed to be assembled 

in six possible positions, each providing a different channel length and, 

hence, different flow rate. 

Page VI-64 
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(U) Ine aft flange and the aft retainer are designed as an 

integral unit. The forward end of the chamber incorporates a 1/4-in. plate 

which extends from the chamber ID to the retainer 0D. Both the 1/4-in. plate 

and the aft flange are keyed to their respective adjacent retainers by means 

of a shear ring in addition to the two dowel locating pins, which are used 

to locate all retainers in the entire assembly. An adapter flange was 

designed for the forward end of the transpiration-cooled chamber to permit 

installation to the secondary injector.  The entire chamber is held in 

compression by 32 high-strength studs 5/8 in. in diameter. 

b.  Composite Chamber 

(U) As a result of the two transpiration-cooled chamber 

burnouts that occurred with the Mark-125 Injector, it was decided to attack 

the injector-chamber compatibility problem from two directions. One of these 

was injector modification and fabrication of two new injectors.  This is 

discussed in Section VI,C,3. The second approach was to design and fabricate 
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(U) The composite combustion chamber, shown in Figure VI-59, 

is a segmented combustion chamber design.  It consists of a forward adapter 

flange that incorporates film cooling, a regeneratively cooled cylindrical L* 

ß        segment, a convergent and throat segment that can be either a completely 

transpiration-cooled section or a film-cooled ablative section, and an ablative 

expansion nozzle section. 
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a new cooled combustion chamber assembly that would not be as sensitive to 

injector hot streaks as the transpiration-cooled chamber had been.  It was 

known from past test experience that transpiration chamber burnout had 

originated in the cylindrical section of the chamber. This fact, combined 

with past test experience and heat transfer analysis work on regeneratively 

cooled combustion chambers, were the deciding factors prompting selection of 

the composite combustion chamber. 

(U) It should be remembered that the composite chamber 

assembly was a second approach or a backup design for the totally transpiration- 

cooled chamber.  In the course of development testing, the transpiration- 

cooled chambers performed so well that the actual testing of the composite 

chamber was not required.  The transpiration-cooled chambers did not prove 

to be sensitive to burnout in the cylindrical sections when tested with the 

impinging platelet injector. 

(U) Because the design and fabrication of the composite 

cooled chamber represented a substantial amount of work in the cooled 

chamber program, a brief discussion of each of the chamber components is 

presented below. 
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(U) The composite combustion chamber uses an adapter 

flange that was originally designed for the transpiration-cooled chamber. 

This adapter attaches the 17.500-in.-dia bolt circle of the regeneratlvely 

cooled L* segment to the 13.200-ln.-dla bolt circle of the Injector body. 

The adapter has been modified to Incorporate a film coolant system with 

orifices located to Inject film coolant on the crown of each tube In the 

regenerative L* section, 

(U) The film coolant circuit consists of four 0.375-in. 

dia tubular Inlets to a common manifold feeding 2A8 orifices, each orifice 

being 0.020 in. in diameter. The film coolant circuit was designed to flow 

5 lb of coolant per second with the capability of flowing a maximum of 

10 lb/sec.  The exit velocity at a flow rate of 5 lb/sec Is 400 ft/sec. This 

velocity was set to match the calculated velocity of the hot oxidizer gas at 

this station in the chamber. 

(U) The regeneratlvely cooled L* segment was a double 

pass oxidlzer-cooled tube bundle design composed of 248 straight and round 

0.125-ln.-dia by 0.010-in. wall tubes 6.0 In. long made from Type 347 stainless 

steel. No special forming was required or the tubes except at each end 

where the tubes were hand swaged to transition from round cross-section to 

square cross-section to facilitate welding. The hydraulic flow circuit was 

designed so that the Incoming coolant would enter the chamber at the aft end 

and circulate around the tube bundle through a common manifold. The coolant 

would then flow up through 124 tubes toward the Injector and then turn 

around in a common manifold and flow back through the remaining 124 down tubes 
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(2)    Regeneratlvely Cooled L* Segment 
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Into a common outlet manifold. The design provided for the absolute minimum 

of uncooled surfaces in the zones where coolant entered, turned around and left 

the coolant tubes. The tube bundle was supported by a thick-walled steel 

housing to provide the necessary flange connections to nating part Interfaces, 

and hydraulic manifolding as well as to contain the high chamber pressure of 

the system.  The regeneratively cooled chamber segment is shown in Figures VI-48 

and VI-60. 

(U) The heat-transfer analysis performed to verify 

the adequacy of this design is discussed in Section VI,D,5,b.  Calculations 

showed that 25% of the total engine oxidizer flow would be required to 

satisfactorily cool the L* segment.  Therefore, 55 lb/sec of oxidizer was used 

as the design coolant flow rate.  This flow rate resulted in a coolant 

velocity of 100 ft/sec in the coolant tube and a total calculated L* segment 

pressure drc of 920 psi. 

(3)  Convergent and Throat Segment and Expansion Nozzle 

(U) As noted previously, two combinations of convergent 

and throat segments were available for the composite chamber.  One configuration 

simply used the transpiration-cooled chamber. Compartments A through 13. 

The desist of the transpiration-cooled chamber is discussed in Section VI,D,3,a. 

The second configuration consisted of a transition section and an ablative 

convergent and throat section. It was planned to use this ablative configu- 

ration when making initial checkout tests on the cooled L* segment.  When 

the ablative convergent and throat section is used, a transition section is 

necessary to adapt the 9.783-in.-dia of the cooled L* segment to the 

9.625-in.-dia of the film-cooled flange of the ablative nozzle.  The transition 

section is a transpiration-cooled section made from Compartment 1 of the 
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transplratlon-cooled chamber.  The ablative convergent and throat section as 

well as the expansion nozzle are the conventional design and are discussed 

In Section IV,C,4. 

4.  Development Test Program 

(C) The objective of the extended Phase I cooled chamber test 

program was to demonstrate the performance and durability of the transplratlon- 

cooled chamber In conjunction with the impinging platelet injector. The 

success criteria for this effort was that the cooled chamber must demonstrate 

a minimum specific impulse at sea level of 280 sec during each of three tests 
> 

of 20 sec minimum duration. 

(C) The test program was initiated on 5 October 1967 and 

concluded on 22 January 1968, during which period 46 tests were conducted. 

The program concluded with the successful demonstration of the required 

performance during each of three short duration tests and one long duration 

test of 20 sec. Three additional 20 sec duration tests were demonstrated 

at the 89% performance level. 

(C) All testing was performed at a nominal chamber pressure 

of 2800 psia using the pump-fed 100,000-lb-thrust staged-combustion test 

engine. A description of this engine and its operating characteristics is 

presented in Section VII,D,4,a,below. The detailed test program performed 

is discussed in Section VII,D,4,b. The evaluation of the test data, including 

both performance and heat transfer aspects, is discussed in Section VII,D,4,c. 

n 
n 
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a..  Test System 

(1)  Staged-Combustion Test Engine 

(U) The cooled chamber program used the same staged- 

combustion test engine as was used in the secondary injector program except 

for the high-pressure propellent feed system (the basic test engine is 

described in Section VI,C,5,b,(1), above).  Test durations up to 20 sec 

were required in the cooled chamber program, which precluded the use of the 

intensifiers with their 5-sec .test duration limitation.  Therefore, at the 

beginning of cooled chamber testing, high-pressure turbopumps were installed 

to supply high-pressure propellents to the engine. The turbopumps used were 

developed under the Integrated Components Program, Contract AF 04(611)-8548. 

These turbopumps are direct driven, with Titan II first-stage turbine components 

on one end, and specially designed pump components on the other end.  The 

common shaft is supported in the center by two roller bearings and by two 

match-ground ball bearings.  The pump impellers are of the mixed flow type 

with axial inlets and radial exits, and run inside a close fitting shroud. 

The bearings are lubricated with oil in a nonrecirculating system.  A cross 

section through one of these pumps is shown in Figure VI-61.  A single 

liquid oxygen/RP-1 gas generator is used to supply the gas energy for driving 

the turbines.  The power split between the oxldizer and fuel turbines is 

accomplished by orificing the fuel turbine inlet. 

(C) The ICP turbopumps were designed for a maximum 

discharge pressure of about 4000 psia at flow rates corresponding to a 

100K thrust engine.  The ARES transpiration-cooled chamber, on the other 

hand, was designed for integration into the ARES engine, which has a pump 

discharge pressure of about 6000 psia.  This necessitated using the oxldizer 

high-pressure intensifier to supply the transpiration coolant flow and using 
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the turbopumps to supply the flow to the primary and secondary combustors. 

The oxidizer intensifier is sufficiently large to allow a 20-sec test firing 

when it is supplying coolant flow at 40 lb/sec or below. A schematic of the 

test engine used in cooled chamber testing is shown in Figure VI-62. A 

photo of the actual engine is shown in Figure VI-29. 

(U) The pump-fed staged-combustion test engine is 

completely described in Aerojet Drawings 112966Ö and 1127831. Drawing 1129668 

shows the turbopumps and their associated gas generator drive system, while 

Drawing 1122831 describes the rest of the engine. All test hardware configu- 

rations fire-tested and/or designed in the program are called out on these 

drawings by a series of dash numbers.  The final configuration used for the 

cooled chamber performance and durability demonstrations is described by 

Drawing 1122831-179. The major assemblies and subassemblies of this final 

configuration are listed in a basic parts list, given as  Figure VI-63. All 

drawings are available in the Aerojet drawing system. 

(2)  Engine Operation 

(U) The criteria for operation of the pump-fed engine 

system was the same as for the intensifier engine system, i.e., (1) establish- 

ment of film coolant flow, (2) establishment of primary oxidizer flow, (3) 

primary ignition, and (4) secondary ignition on a rising pressure schedule. 

(U) Preliminary steps required in order to prepare the 

engine system for each test included the following:  the purge pressure regulators 

were adjusted; ullages were adjusted in the generator propellent storage 

vessels, surge bottles, and oxidizer intensifier. All propellents were bled 

in up to the control valves ami pressures set on each vessel. The pump 

lubrication system was started and its operation verified prior to arm switch. 
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(U) Arm switch signaled on all engine purges, and 

fire switch signaled the film coolant valve open.  This valve was initiated 

open for several seconds prior to sequencing of the remainder of the engine 

controls to prime the transpiration coolant circuit. Thereafter, the gas 

generator valve and the thrust chamber valves were signaled open, while the 

intensifier pressure program was initiated at the desired rate.  The control 

valves opened at such a rate that primary oxidizer lead, primary ignition, 

and secondary ignition occurred in succession.  On shutdown, valve closing 

signals and rates were interlocked to preclude deadheading the pumps on 

shutdown, and to maintain primary mixture ratio above 12.0. The intensifier 

was vented following cessation of engine fuel flow. 

(U) With turbopump testing, additional malfunction 

shutdown circuits were added to protect the test hardware.  Upper and lower 

limits were placed upon film coolant flow rate and primary mixture ratio; 

oxidizer discharge pressure had to be higher than fuel discharge pressure 

by a preset amount, turbine inlet temperature had a maximum value, etc. The 

significance of these shutdown criteria lies in the fact that in one test, 

shutdown without hardware damage occurred only because the malfunction 

detection system shut down the engine quickly. 

(3)  Instrumentation 

(U) The instrumentation system used for the cooled 

program was identical to the injector program, see Section VI,C,5,b,(4), with 

one major addition.  This addition was the inclusion of the 12 transpiration 

chamber compartment flow readings measured by individual metering orifices. 

A schematic of the punp-fed engine system showing the metering orifice system 

of the transpiration chamber is shown in Figure VI-62. Pressure transducers 

on the upstream and downstream side of the orifices allow calculation of the 
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individual weight flows.     A flowmeter in;tailed Just upstream measures  total 

coolant flow; this flow measurement was used for the performance calculation 

instead of the sum of the compartment flow since it is  the more accurate 

measurement. 
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b.      Detailed Test Program 

(C) The extended Phase I transpiration-cooled test program 

encompassed 46  tests using three  transpiration-cooled chambers.    The primary 

objective of the test program was  to demonstrate the required performance level 

(90% I  )  and durability  (20-sec duration) of  the cooled  thrust  chamber.    The 
s 

approach followed in achieving this objective was  to first operate the cooled 

chamber at maximum coolant flow  rate and then to selectively reduce  the coolant 

in each of the 12 chamber compartments until  the required performance was 

achieved.    To minimize hardware  loss,  a three-step test plan was adopted and 

generally followed throughout the test program.    The first test at any specific 

flow rate was of very short duration,  approximately 1.5 sec, and has  as its 

objective the identification of  any erosion or potential  erosion before major 

hardware damage was  sustained.     (Almost all erosion experienced in the program 

occurred during the start  transient prior to  this  time.)     If the posttest condi- 

tion of hardware appeared satisfactory,  a test of 2.2 to  4.0 sec duration was 

performed to determine chamber performance.    This was followed by a 20-sec test 

with the uncooled skirt extension removed to demonstrate  durability.     The long- 

duration  tests were not performed with each coolant reduction, but only after a 

significant performance gain over that previously demonstrated had been made. 

(U) A cumulative summary of all tests,   including test 

objectives and results for each  test,  is  tabulated in Figure VI-49.    Detailed 

test and performance data are shown in Figure VI-50.    The individual  compartment 

flows for each  test are shown in Figure VI-64.    Summary test data for each com- 

partment,  including the flow rate  range and the differential pressure from the 

compartment    leading edge  to trailing edge, are given in Figure  VI-65.    Also 

Included in this figure are physical descriptions of each compartment,  includ- 

ing dimensions, number of platelets and number of flow Indexing positions. 
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(U) The  flow rat'JS in each  compartment were controlled by a 

balancing orifice located at the compartment  inlet.     The proper orifice 

selection required knowledge of  the flow characteristics of each compartment. 

These were theoretically predicted at  the beginning of the program and 

modified during the  course of the test program as  test data became available. 

The established flow  characteristics of each  compartment are shown in 

Figure VI-66.     Differences between recorded values and theoretical laminar 

flow predictions are  a result of three  factors:     (1)  measurement errors  at 

high flow rates with  large hole size,   low Ap orifices as evidenced in compart- 

ments 1, 9,  and 12;   (2)  leakage past the primary metering zones where platelet 

compression was low as seen in compartments  7 and 10;   (3)  modifications   to 

the primary metering  zone flow restriction by machining a bypass as done  in 

compartments 5,  6,  and 8. 
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(U) The  test program consisted of  four test series,  each of 

which is  discussed in detail  in this section.     Series  I  included  the testlnc 

with  chamber SN  3,svSeries   II with  chamber SN  4,   and  Series  III with chamber 
a 

SN  5.     Series  IV encompassed  testing with  two   reworked  chambers  in an effort 

to complete  two remaining durability demonstration tests. 

(U) During  the course of the   test program, chamber burnout 

occurred  in several  instances as  coolant flow was reduced.     These burnouts 

occurred predominantly in two areas:     (1)  in compartment 6 just below the 

intersection of compartments  5 and 6, and  (2)   in the exit nozzle section.    The 

only other significant problem with test hardware during the program was   the 

failure of a seal located between  the injector and the upstream adapter.     This 

seal failed on several occasions with resulting injector damage.     A consolidated 

discussion of the failure investigations performed for the chamber burnouts 

and injector seal failures  follows  the discussion of  the individual test series. 

0 
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(1)    Test Series  I,  Tests 1.2-16-WAM-025, 
1.2-13-WAM-005 through -014 

(U) This  test series  consisted of 11  tests with 

impinging platelet injec^r SN  3 and  transpiration-cooled chamber SN 3. 

Initial  testing centered on evaluating the compatibility of  the impinging 

platelet injector with  the fully cooled transpiration  chamber.     (The com- 

patibility of the cylindrical portion of the chamber had been previously 

evaluated in the injector test program.)    The first  test,   1.2-16-WAM-025, was 

scheduled for 1.15 sec or 50%  of design chamber pressure at   the maximum 

possible transpiration coolant  flow rate.    Posttest  inspection of  the chamber 

showed very  dark heat marks in  the convergent section near the intersection of 

compartments 5 and 6, as shown in Figure VI-67.    To allow additional flow 

capability in this  chamber region,  the chamber was  removed  from the  test 

stand and modified by machining a portion of  the primary metering grooves  in 

compartment  5 and 6 platelets,  which  increased their  flow capability  to approxi- 

mately   three   times   their  former values.     Following  this  modification,  Test 

1.2-13-WAM-005 was  performed with  the same  test  objectives as   for Test 

1.2-16-WAM-025.    The chamber wall was  in perfect condition following this  test 

with no evidence of heat marks.     Testing was   then continued  to determine   thrust 

chamber performance at  the maximum coolant flov   rate  condition  (49  lb/sec), 

followed by evaluation of chamber durability with a 17.25 sec  duration test. 

The chamber was in excellent condition following these  tests. 

(U) Transpiration coolant flow was  then reduced in  three 

incremental steps  to 41.5,  36.1,  and  31.3 lb/sec.    During Test -014, which was 

a short-duration test at   the lowest  flow rate,   the chamber experienced minor 

erosion starting approximately 0.25 in. below  the Intersection of compartments  5 

and 6.     A photograph of  the damage in  the convergent section is shown in 

Figure VI-68; nozzle damage is  shown in Figure VI-69.     This  chamber was  sub- 

sequently repaired by grinding out the eroded area and  restoring the porous 

wall surface by electro-polishing. 
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(2)    Test Series II,  Tests 1.2-13-WAM-017 through -027 

(C) Testing was continued with  transpiration chamber 

SN 4 and injector SN 4.    The Initial test was performed at maximum coolant flow 

rate of 50 lb/sec to confirm the hydraulic flow characteristics of  this new 

chamber.    A series of three flow cutbacks was then performed, which culminated 

in the attainment of a sea-level specific Impulse of 89.3%   (278.5 sec)  at 

30.8 lb/sec coolant flow.    This test was  followed by a successful  durability 

demonstration test of 20.5 sec duration (Test 1.2-13-WAM-024).    The coolant 

flow rate during the first 10 sec of this   test gradually decreased from an 

initial 30 lb/sec to 28.1 lb/sec, after which it remained constant for the 

final 10 sec.    The corresponding sea-level specific impulse  for the steady 

flow value is 90.5% I  . 
I 

(U) The next  test,  1.2-13-WAM-025, was planned to 

confirm this performance value by conducting a short duration  test using the 

20:1 area ratio uncooled nozzle extension.     In order to obtain a flow rate of 

28.1 lb/sec early during the  test  (to provide a 1-sec steady-state  data 

sample),  the engine was  rebalanced by slightly increasing the  resistance in 

the coolant circuit.    Unfortunately,  minor  erosion occurred in companment 6 

during the start transient, as shown in Figure VI-70,  and the  test was 

terminated prematurely.    The damage was repaired on the test stand by electro- 

polishing the eroded area.    In subsequent Test 1.2-13-WAM-027, in which the 

coolant flow rate was 30.25 lb/sec,  gross nozzle erosion was  experienced at 

3.5 sec after FS..    Also,  the  Injector seal  failed during the shutdown transient 

of this test, with resulting injector damage.    The chamber and seal failures 

are discussed in detail in Paragraph VI.D,4 ,b,(5). 
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(3)    Test Series III,  Tests 1.2-13-WAM-028 through -046 

(C) This  test series was performed with transpiration 

chamber SN 5 and injectors SN 5 and SN 3.    Nineteen tests were performed, 

including three l-sec steady-state duration tests at a performance level above 

the contractually required 90% I    and three 20-sec duration durability demon- 

stration tests at the 89% I    level. 
a 

(U) The first test was  a short-duration hydraulic 

balance checkout test of new transpiration chamber SN 5 using injector SN 5. 

With the hydraulic characteristics defined,   coolant flow was reduced to 35 lb/sec 

in the next test.    A malfunction detection system sensed a slow opening primary 

combustor oxidizer valve and terminated the  test prematurely at 0.934  sec.     On 

shutdown,  the  injector seal again failed,  damaging  the injector in a manner 

similar to that experienced in Test 1.2-13-WAM-027. 

(C) Testing was  resumed with injector SN 3 at the same 

balance point used for the previous  test.    Three flow reductions followed in 

which the flow was reduced to 29.7 lb/sec,  at which  flow the performance was 

89% I  .    Two additional tests at this balance were performed to verity perfor- 

.nance.    Three long-duration 20-sec tests were  then conducted to certify the 

durability of  the cooled thrust chamber at the 89% performance level.     The 

established performance for these tests were  89.3,  89.1,  and 89.1% I   . 

(C) The flow reduction program continued with cutbacks 

being made in compartments  5,6,  and 7 until  the total coolant flow was 

25.3 lb/sec.    At this flow rate,   thrust chamber performance of 90.3%  I    was 

achieved, which is above  the 90% I    requirement.    Two repeat tests were 

made at this balance  to conclusively demonstrate operation at this performance 

level.    The performance obtained in both repeat tests was 90.2%. 
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(C) A durability demonstration at the 90% performance 

level was  then attempted in Test 1.2-13-WAM-0A6,  a scheduled 20-sec duration 

test.    The test was  terminated prematurely at 11.38 sec by a malfunction detec- 

tion system sensing a rapidly increasing transpiration coolant flow.    Posttest 

hardware inspection indicated severe burning in the nozzle section, as shown 

in Figure VT.-71.    Review of the  test films subsequently showed that burning 

was initiated after approximately 7 sec of operation.    The cause of failure of 

this  test is  considered identical to that which occurred in Test 1.2-03-WAM-O27; 

see Paragraph VI,C,A,d,(5). 

(U) With  the failure of chamber SN 5, no additional 

good quality chambers were available for testing.    However,  chambers SN 3 and 

SN 4 had been repaired and were  in firable condition.    The defect in both of 

these chambers was  that in one circumferential location,  the chamber convergent 

and throat sections were oblong where metal had been removed by previous 

erosion.    In an effort to complete the remaining two durability demonstration 

tests,  the test program was continued with these chambers. 

(U) Initial  tests utilized reworked chamber SN 4 and 

injector SN 3.    Three tests were performed at coolant flow rates of 33.5,  31.5, 

and 29.3 lb/sec.    In the last test, erosion occurred in compartment 6 adjacent 

to the repaired area, as  shown in Figure VI-72.    Posttest analysis disclosed 

no adverse flow conditions.    Flow in both compartments  5 and 6 was well above 

previously demonstrated safe operating levels.    Since the failure occurred 

adjacent to  the repaired area,  it was  concluded that the marginal convergent 

section compatibility condition during the start transient  (see paragraph 

VI,D,4,d,(5)) was aggravated by boundary layer disruption from the repaired 

area. 

0 

0 

(4) Test Series IV, Test 1.2-13-WAM-047 through -051 
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VI, D, Cooled Chamber Program (cont.) 

(U) The test series was  resumed using reworked chamber 

SN 3 which was previously damaged during Test 1.2-13-WAM-014.    The repair of 

high performing Injector SN 4 had been completed at this time and this injector 

was reinstated In the tesf program.    Two tests were performed at coolant flow 

rates of 33.5 and 31.5 lb/sec.    During the second test, a leak developed 

between the two halves of one of the Injector vanes,  resulting In liquid fuel 

being sprayed onto the transpiration-cooled chamber wall.    This Initiated 

chamber burning In compartment 1, which  then extended down the entire chamber 

as shown in Figure VI-73.    It was decided at this time that the remaining test 

hardware was of such substandard condition that continued testing was not 

warranted.    Therefore,  the  test program was  concluded. 

(5)    Failure Investigations 

(U) During the test program several Instances of chamber 

erosion and Injector vane failures were experienced.    Chamber erosion occurred 

in two locations:     the chamber convergent section, and the nozzle divergent 

section.    Injector vane failures occurred in the lower half of the injector 

as installed in the horizontal test firing facility. 

(U) Overheating of the chamber's convergent section was 

first encountered on Test 1.2-16-WAM-025.    This short-duration test to 50% of 

design chamber pressure produced heat marks in the convergent section between 

compartments 5 and 6  (see Figure VI-67).     This location is where rapid turning 

of the combustion gas occurs and corresponds to where significant erosion 

started in ablative  chambers during the Injector test program.    Evidently,  the 

remaining unvaporlzed fuel in the combustion gas  is impacted into the chamber 

wall at this point.    To provide sufficient cooling for this local zone,  the 

primary metering grooves of compartments 5 and 6 were modified to allow approxi- 

mately three times  their former flow capability.    The resulting increased flow 
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on subsequent tests eliminated the problem,  as evidenced with the completion 

of nine successive tests without chamber erosion.    The heat marks did reappear 

during the tests but to a lesser extent than experienced on Test 1.2-16-WAM-025. 

For this reason, cutbacks in compartments 5 and 6 were not made until the 

latter portion of the test program. 

(U) On the third cutback of compartments 5 and 6,  Test 

1,2-13-WAM-014, chamber erosion occurred which started at the forward end of 

compartment 6. railure analysis concluded the erosion occurred because of 

excessive flow reductions in compartments 5 and 6 (a reduction of 2.5 lb/sec, 

or 17% from the previous test value). In subsequent tests, higher flow rates 

were maintained in these compartments. 

(U) Testing was  resumed with  chamber SN A with eight 

satisfactory tests being completed without reducing the flow in compartments 5 

or 6. On Test 1.2-16-WAM-025, slight erosion was again experienced in com- 

partment 6, but at a 45% reater flow (in compartments 5 and 6) than the burnout 

condition of Test 1.2-13-WAM-014. It was determined that in this instance the 

start transient was primarily responsible for the problem. Test data analysis 

showed cavitating flow was being experienced during the start transient in the 

primary metering grooves of compartment 5, which reduced the carryover cooling 

to compartment 6 during the flow recompresslon phase as back pressure was pro- 

vided to the coolant by rising chamber pressure. This condition was present on 

all tests prior to this time and was probably a contributor to the previously 

experienced erosions. The condition was aggravated during this test due to an 

abnormally low pressure rise rate during the transient. This required the 

chamber to operate for a longer than normal period of time in the cavitating 

condition. Correction was made in subsequent tests by maintaining the pressure 

rise rate to previously demonstrated acceptable values. With the rise rate 

kept at a sufficiently high level, the cooled chamber program was completed 

with no further occurrences of  this convergent section problem. 
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VI, D, Cooled Chamber Program (cont.) 

(U) On the second test after the eroded area had been 

repaired (Test 1.2-13-WAM-027), the transpiration chamber experienced heavy 

erosion in the nozzle section, compartments 8 through 12. This failure is 

attributed to marginal operation of the nozzle seution in the hot streak zones 

caused by the secondary injector. This condition is evident in the photograph 

of Figure VI-74, taken after Test -024.  In this marginal condition small 

changes in operating conditions make the nozzle heat transfer critical. A con- 

tributing factor is the basic mechanical design of the chamber, which allows 

small movement of the washer compartments within the retainers. Even a very 

small movement can trip the boundary layer from laminar to turbulent flow, 

which increases the heat transfer to the already marginal streak condition on 

the wall. This effect has been evidenced in the high-speed movies, where 

burning has been seen to initiate and extinguish prior to initiation of con- 

tinuous burning. Such a condition could occur if a compartment were moving 

into and out of the boundary layer. With careful attention given to nozzle 

flow cutbacks beyond those demonstrated in the test preceding Test 

1.2-13-WAM-027, the development program continued using replacement chamber 

SN 5. Eighteen satisfactory tests followed. On Test 1.2-13-WAM-046, gross 

nozzle erosion was again experienced. Cause of failure is considered identi- 

cal to chat which occurred in Test -027. 

(U) Injector vane failures occurred three times during 

the program. Tests 1.2-13-WAM-027, -029, and -049. In all instances, a seal 

which isolates liquid oxidizer passing through the injector body from the 

combustion zone failed during the shutdown transient, allowing gross quantities 

of liquid oxidizer to leak into the chamber following the test. Some of this 

oxidizer then entered the lower injector fuel vanes through the injection 

orifices. When the fuel was purged from the outer manifold, approximately 

2 min following the test, it combined with the oxidizer, producing detonations 

within the injector vanes. A subsequent investigation revealed that the sealing 

surfaces had become warped during long-duration tests; this warping then allowed 

the seal to extrude from its sealing groove. Corrective action was to remove 

the hardware from the stand and remachine the metal surfaces to proper condition. 
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VI, D, Cooled Chamber Program (cont.) 

c.  Test Data Evaluation 

(1) Performance 

(U) Cooled-chamber performance analysis was conducted 

in the same manner as for the Secondary Injector Program, i.e. using the 

Performance Interaction Theory. Specific impulse measurements were obtained 

in each test using continuous measurements of thrust, volumetric flow rates, 

and propellent temperature and pressure for specific gravity determination. 

The difference between delivered and theoretical impulse was divided into 

five parts for assessment of component performance losses. The applicable 

component performance losses were (1) nozzle friction (NFL), (2) nozzle 

geometry (NGL), (3) mixture ratio distribution (MRD), (4) energy release 

(ERL), and (5) transpiration coolant (TCL). 

(U) The transpiration-cooled chamber was cooled from 

the plane of the injector face down to an area ratio of 4:1; at this point 

an uncooled steel nozzle extension was attached and Increased the overall 

area ratio to 20:1.  The uncooled nozzle extension was used on all short- 

duration tests in which performance evaluation was the test objective.  From 

these data, the relationship between delivered specific impulse and trans- 

piraticn-coolant flow rate was established, as previously shown in Figure VI-51. 

For long-duration tests, the uncooled nozzle extension was removed, since the 

heat transfer rates were sufficiently high to cause metal erosion after 

about 4-sec of operation.  For these tests, delivered specific impulse 

was established using the measured transpiration coolant flow during the 

test, together with the performance correlation of Figure VI-51. 

(U) The component performance loss analysis was 

conducted only for tests in which specific impulse was directly measured, 

0 
0 
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VI, D, Cooled Chamber Program (cont.) 

i.e.,  those with  the uncooled-nozzle extension attached.    The complete 

tabulation of the losses for these tests,  together with measured specific 

impulse at sea-level and vacuum conditions,   is  included in the performance 

summary of Figure VI-50.     Component specifications, historical informatior:, 

and data necessary to make loss calculations are also given in the figure. 

A nomenclature list of  the tabulated quantities  is given in Figure VI-8. 

A discussion of each component loss  follows in the ensuing paragraphs. 

(a)    Nozzle Friction Loss  (NFL) 

(U) Nozzle friction loss was calculated using 

the extended Frankel-Voishel analysis* for the 20:1 area ratio,   80% Bell 

nozzle contour.     These losses are tabulated in seconds of vacuum specific 

impulse In Figure VI-50.     This loss  is  a constant  for all tests since  the 

influence parameters of chamber pressure,  mixture ratio,  and area ratio 

were maintained as near-constants throughout the entire test series. 

r 
'b) Nozzle Geometry Loss (NGL) 

(U) The 80% Bell nozzle contour had an exit half 

angle of y.63 degrees.  The resulting nozzle geometry loss for each test 

is also tabulated in Figure VI-50.  The alight test-to-test variances in 

this loss are caused by changes in exhaust velocity, which varies slightly 

with transpiration-coolant flow rate. 

(c) Mixture Ratio Distribution LJSS (KRD) 

(C) Mixture ratio distribution losses resulted 

from two effects:  (1) non-uniform oxidizer flow across the fuel injector 

vanes and (2) a difference in :he effective fuel injector diameter of 

*Frankel, F., and Voishel, "y'rictjior. in the Turbulent Boundary Layer of a 
Compressible Gas af. Hi?b Speeds." NACA TM 1032, 1942. 
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VI, D, Cooled Chamber Program (cont.) 

different injectors tested.  The portion of the loss attendant with the 

non-uniform oxidizer flew was determined to be 2.2 sec vacuum specific 

impulse during the Secondary Injector Test Program, which used a 12:1 area 

ratio nozzle and a drilled plate for oxidizer gas distribution. With the 

20:1 area ratio nozzle used in cooled chamber testing, this loss increases 

to 2.3 sec. The same drilled plate was used throughout the cooled-chamber 

program. 

(C) Injectors SN-3, SN-4, and SN-5 were used for 

cooled-chamber testing.  Following the injector test program (which used 

SN-3 injector exclusively), but prior to cooled chamber testing, the outermost 

fuel doublets in each of the two longest vanes in each injector octant of 

SN-3 injector were plug-welded closed in an effort to reduce the hot streaks 

in the long vane areas caused by the maldistribution of oxidizer gas.  In 

addition, following a pattern check of this injector, a substantial number 

of other outboard fuel doublets were plugged to prevent direct impingement 

of fuel on the chamber wall (caused by imperfectly flowing doublets). As 

a result of these modifications, the effective fuel injection diameter of 

SN-3 injector was approximately 9.17 in. vs the design value of 9.35 in., 

a 3.62% diameter reduction.  This smaller effective diameter increased the 

gap area about the injector periphery and accounted for an additional 3.3 sec 

mixture »-atio distribution loss.  Injectors SN-A and SN-5 were not modified 

in this manner and did not experience this additional loss. 

(d)  Energy Release Loss (ERL) 

(C) An energy release loss of 5.9-sec vacuum 

specific impulse was established for the Impinging Platelet injector in the 

Secondary Injector Program.  The values of energy release loss for cooled 

chamber testing are tabulated in Figure VI-50, and reflect slight changes 
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VI, D,  Cooled Chamber Program (cont.) 

resulting from effects of area ratio,  Injector mixture ratio, and chamber 

pressure.    Changes in characteristic length  (L*)  from test-to-test were 

assumed to have no influence on energy release loss, since the distance 

fium the injector face to the throat  (L')  remained constant as  throat area 

measurements varied (see Section VI,E,1 for further discussion on this subject). 

(e)     Transpiration-Cooling Loss   (TCL) 

(C) The  transpiration-cooling loss was determined 

by subtracting all the losses previously discussed from the difference 

between test and  theoretical specific impulse.    Twenty-nine transpiration-cooled 

tests yielded valid transpiration-coolant loss data.    These are tabulated in 

seconds of vacuum specific impulse and percent of theoretical vacuum specific 

impulse in Figure VI-50.    A correlation of the percent cooling loss vs 

percent coolant flow is given in Figure VI-75.    The resulting performance 

loss slope is 0.65% specific impulse loss per percent coolant  flow.     This  is 

In general agreement with results obtained from early  transpiration chamber 

testing with SN-1 and SN-2 chambers,   in which a 0.6% specific impulse loss per 

percent coolant slope was established. 

(2)    Heat Transfer 

(U) The primary objective of the thermal instrumentation 

during this test program was to evaluate the surface temperatures at many 

points in the chamber.    The resulting data,  in combination with coolant-flow 

measurements in each compartment, was to provide a guide to selective coolant- 

flow reduction until the desired chamber performance was achieved.    A 

secondary objective was to acquire data which would support or improve the 

analytical design model to strengthen future design efforts. 
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VI, D, Cooled Chamber Program (cont.) 

(U) In the extended Phase I effort three,  transpiration- 

cooled chambers were tested, Chambers SN-3, SN-A, and SN-5. SN-3 was residual 

from the basic Phase I program and had brazed thermocouples which had proved 

to be very short lived. The cause of this Instrumentation weakness was 

Identified early In the Phase I extension. During the brazing process, an 

amalgam was formed between the braze (Nloro) and the sheathing of the thermo- 

couple (304 SS).  In a laboratory experiment, this amalgam was severely 

attacked by nitric acid fumes with the result that continuity of the thermo- 

couple Junction was lost within two days. This same phenomenon accounted for 

the loss of the brazed thermocouples In the chamber a short time after 

exposure to N-O.. To Improve the Integrity of the thermocouples for subsequent 

chambers, further laboratory tests were conducted. As a result of these 

tests, the thermocouple Installation technique was modified for the next two 

cooled chambers.  For chambers SN-4 and SN-5, slots were eloxed into the 

platelets as before, after which the Junctions were welded to the gas-side 

surface and ground smooth.  The thermocouples were staked at several locations 

back along the slot to eliminate or minimize any coolant flow bypassing part 

of the primary or secondary metering grooves. The depth of the thermocouple 

Junction from the surface was measured by X-ray after grinding as had been 

done on previous chambers. 

0 
G 

0 

(U) Assembly of Chamber SN-4 resulted in sufficient 

mismatching of chamber compartments to require smoothing of the gas-side 

surface prior to test.  This was accomplished by blending the discontinuities 

with a grinder, followed by electro-polishing of the entire gas-side surface. 

The effect of this polishing was to completely negate the validity of the 

thermocouple depth measurements and in a number of cases to completely remove 

the weld to the gas surface. This permitted coolant to flow around the 

remaining junction and invalidate the results. 
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VI, D, Cooled Chamber Program (cont.) 

(U) The experience acquired on Chamber SN-4 led to 

extremely careful assembly of Chamber SN-5 with the result that 53 of the 

original 66 thermocouples were available for use at the Initiation of 

testing. The Improved method of installing by welding increased the life of 

the thermocouples sufficiently that substantial meaningful heat transfer 

data acquired on the extended Phase I program was provided by this chamber. 

(U) The approach used in the various development 

test series was to selectively reduce the coolant flowrate in steps until 

the desired performance was attained. Two combustion phenomena, however, 

limited the flow reduction program in the various compartments. The first 

was a dynamic incompatibility in the convergent section of the chamber, caused 

by the impingement of Incompletely burned fuel against the wall where the 

gases are turned rapidly. Figure VI-53 shows most clearly the influence of 

this effect. This figure shows the flow distribution summary for Chamber 

SN-4 on Test 1.2-13-WAM-024, which was conducted for 20 sec at a performance 

level slightly higher than the Phase I goal. It can be seen that 14.5 lb/sec, 

or more than half of the 28.2 lb/sec total coolant, is distributed to 

Compartments 5 and 6 In the convergent section of the chamber.  Figure VI-67 

shows the heat marks that necessitated this high coolant flowrate. This 

photograph was tak*»n after Test l,2-16-WAM-025, the first test on Chamber 

SN-3. The mechanical measures taken to Increase the flow capability in 

Compartments 5 and 6 as a result of that test were discussed in Section VI,D,4,6, 

This indication of very hot areas all the way around the chamber at the 

instrumentation platelet of Compartment 5 continued to be seen throughout the 

test series and was most evident on the short duration tests. The failures 

of Chambers 3 and 4 on Tests 1.2-13-WAM-014 and -025, respectively, are 

directly attributed to this effect and were both on scheduled durations of 

1.5 sec. 
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(U) The second phenomenon limiting the flow reduction 

program was the non-uniform combustion characteristic of the impinging 

pxatelet injector. The most important contributor to this non-uniformity 

is a maldistribution of oxidizer-rlch gas circumferentially around the 

chamber caused by the back side injector geometry (Figure VI-76), (see 

discussion Section VI,C,3,). The evidence that the flow was not uniform is 

graphically illustrated by the exhaust pattern of alternate hot and cool zones 

shown in Figure VI-77, a photograph of the steady-state portion of Test 

1.2-13-WAM-035.  This was a 2-sec test with 29.7 lb/sec of transpiration 

cooling.  Figure VI-78, a photograph of the expansion section of the chamber 

after Test 1.2-13-WAM-038, also shows evidence of this non-uniform exhaust 

pattern. 

(U) The effect of this phenomenon is to require extra 

coolanc In each compartment to cool the high-temperature zones, while the 

majority of the compartment remains relatively cool. Figure VI-54 summarizes 

the steady-state temperature data for Chamber SN-5 from Tests 1.2-13-WAM-035 

to -045. All of these tests were conducted with between 25 and 30 lb/sec cf 

cooling at high performance levels.  The bands of temperature in each 

compartment represent the majority of the thermal data en this chamber with 

only the highest temperatures which are attributable to the injector streaks 

not shown. This figure shows the operating conditions over a large number 

of highly successful tests and clearly indicates the potential of significant 

coolant flow reductions in the various compartments if the injector/chamber 

Incompatibility can be successfully eliminated or minimized.  It should be 

pointed out that the highest measured temperature on any successful test 

Including all hot spots was 16810F, while observation of the chamber indicated 

that there were a number of locations in the chamber operating under hotter 

or more advers« conditions than that measured. This verifies the validity of 

the original approach of designing to a capability of a 1900 F uniform wall 

temperature. 
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(U) Or-, other fact is evident from Figure VI-54. 

Compartments 5 and 6, which are flooded with cooling to protect the interface 

between these compartments from the incompatibility previously discussed, 

show very low steady-state temperatures. This evidence in combination with 

the fact that hardware inspection of this zone revealed adverse wall discolora- 

tions indicates this incompatibility occurs at times other than steady state. 

Movie reviews also verify this fact, where in Test 1.2-16-WAM-025 burning is 

observed during engine stare. A complete discussion of the start transient 

characteristics, which allow this high temperature condition to exist, is 

presented in section VI,D,4,b, (5), Cooled Chamber Detailed Test Program Failure 

Investigations. 

(U) A tabular summary of the steady-state surface 

temperatures resulting from the testing of Chamber SN-5 is presented in 

Figure VI-79. These surface tempera'.ures are generated from the measured 

temperature by use of a multiplication factor which is a function of the 

depth of the thermocouple Junction from the gas-side surface. The basis of 

this factor is the one-dimensional fin conduction model described in 

Appendix 1. There is no empirical verification of this portion of the heat 

transfer model due to the non-uniformities of the combustion process, so it 

is used only for those thermocouples that are a maximum of 0.010 in. from the 

surface. The depth of each junction is noted on the figure. 

(U) Figure VI-80 shows the analytical temperature 

prediction as a function of the coolant flow rate for Compartments 1 through 

12. The details of the analytical design model are presented in Appendix I. 

This approach differs slightly from that used in the basic Phase I program, 

in that « boundary layer mixing model is used for film cooling rather than 

the previously used Hatch & Papell model. The reasons for this change are 

two-fold. First and foremost, this model provided a truer representation 

of the experimental data acquired in Phase I of this program, in that there 
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Is now no location In the chamber where the predicted temperatures fall below 

those measured In that test series.  Second, this version of the heat transfer 

model provided excellent correlation of surface temperature measurements 

acquired on similar chambers at lower chamber pressures  . The new model 

also lends Itself to simple programming for an IBM 1130 computer and as such 

allows rapid data evaluation and correlation. 

calculated by the Bartz equation for the cylindrical portion of the chamber. 

This multiplying factor Is decreased with contraction ratio to a value of 

1.0 at the chamber throat. 

Blubaugh, A. L., and Flsk, E. J., Demonstration of an Advanced Transpiration 

(U) This model, as utilized to develop these predicted 

design temperature curves for each compartment, Is conservative to ensure the 

success of the original design.  It assumes that complete and uniform 

combustion exists throughout the chamber and that no carryover of transpiration- 

coolant effectiveness exists from one platelet to the next. Additionally, a 

multiplying factor of 1.5 was applied to the hot-gas heat transfer coefficient 

(U) Prediction curves are shown for both the leading 

and the trailing edge for those compartments where the theoretical temperature 

varies.  In addition, a prediction for the instramentaclcn platelet Is shown 

for Compartments 6 through 11, where the compartment platelets are 0.010 In. 

thick and the Instrumentation plateleus are 0.020 In. The various predictions 

reflect the effect of changes in heat flux, the flow distribution within the 

compartment due to the various indexing positions utilized and the changes 

in Internal pressure drop due to the gradient in the gas-side pressure. In 

the compartments where only one prediction is shown, a constant theoretical 

temperattre exists throughout the compartment. 

Cooled Thrust Chamber, TR No. AFRPL-TR-67-198, 31 October 1967 
(Confidential). 
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(U) Figure VI-80, pages 1 through 10 also shows the 

experimental data acquired on Chamber SN-5 for Compartments 1 through 10, 

respectively.  In general these figures all show the wide range of temperatures 

characteristic of the combustion process.  The Compartment 8 temperature data 

are not plotted because flow rate measurements of this compartment were not 

sufficiently precise for heat transfer evaluation. The flow measuring orifice 

was removed for this series of tests to allow the maximum possible coolant to 

this compartment. The resulting temperatures, however, are tabulated in 

Figure VI-79.  Compartments 9 and 10 show a particularly wide range of 

temperatures for a very small range of coolant flow rates. These measurements 

differ from those in other compartments, however, in that they each have only 

one valid thermocouple.  The temperature range, therefore, is not attributable 

to geometric effects or the combustion process.  In both of these compartments, 

however. Figure VI-79 shows a trend toward increasing temperatures with each 

successive test. This trend can be attributed only partly to the small 

decreases in compartment flow rate. A significant contribution to this effect 

must be the carryover of transpiration-coolant effectiveness from the 

compartments Immediately upstream. This, to a large extent, verifies the 

observations on film cooling effectiveness in the expansion region of the 

nozzle made during film cooling studies on both the basic Phase I effort and 

the Integrated Components Program, Contracts AF04(611)-8017 and -8548. 

(U) The data from Compartment 3 was selected for some 

correlation studies because of the number of data points and the wide range 

of both temperature and flow rate covered. Neglecting the effect of Incomplete 

and non-uniform combustion, there are two factors which can be modified 

analytically:  the presence of carryover from the two upstream platelets and 

the multiplying factor on the Bartz gas-sldr heat transfer coefficient. 

Figure VI-81 again shows the experimental data from Compartment 3 but this 

time with the range of correlations as well as the design prediction.  It can 

be seen that the use of carryover in the model changes the slope of the curve 
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and closely approximates the slope of the experimental data while the magnitude 

of the multiplying factor affects only the level of the curve. It can be seen 

that a multiplying factor of 0.75 accurately covers the high side uf the data 

range presented in Figure 4 and a value of 1.75 conservatively predicts the 

highest temperatures measured in the hot areas. 

(U) Several conclusions resulting from the evaluation 

of the heat transfer data are enumerated here. 

1. Despite the limitations imposed by incompati- 

bilities and hot spots, the feasibility and high-performance capability of 

the transpiration-cooling concept has been successfully demonstrated. 

2. Elimination of both the dynamic incompatibility 

and the non-uniform combustion would conservatively result in a reduction in 

the coolant requirement to 15 lb/sec for a uniform wall temperature of 1600oF. 

It is estimated that this reduction would result in an improvement in perform- 

ance of 3" I . 
s 

3. The circumferential maldistribution of oxidizer 

gas can be corrected by using an injector body with the same diameter at the 

upstream and the dowr.stream end and platelet vanes of equal height. Further, 

sensitivity to any hot spots can be reduced by the use of alternative platelet 

materials, either with higher conductivity to distribute the heat or with 

higher temperature capability. 

4. The overcooling in Compartments 5 and 6 can 

be reduced by making these compartments into three or four to minimize the 

area requiring extra coolant. Additionally, a change to a conical chamber 

contour with an injector whose elements focus parallel to the chamber wall 

will eliminate this inccupatibllity. 
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E.   SUPPORTING STUDIES 

1.  Injector Design Analysis Study 

a.  Introduction and Summary 

(U) At the beginning of the extended Phase I contract period, 

an extensive analytical study was Intlated to supply design data for Improving 

performance and compatibility of the ARES secondary Injector. Specifically, 

this effort encompassed: 

(1) Providing analytical rationale for compatible 

chamber design Including injector Interaction. 

(2) Improving performance and compatibility by modifying 

existing Injectors. 

(3) Providing analytical selection criteria for the 

design of new Injectors. 

(U) These tasks were accomplished by using two Aerojet- 

developed models (vaporization and compatibility) described in Sections 

VI,E,l,b and VI,E,l,c below, respectively.  The vaporization model predicts 

the Inherent Inefficiencies of the combustion process from injection mechanics 

alone and is a valuable tool in assessing the potential merit of candidate 

injectors. Major Injector parameters considered in this analysis Include drop 

size (which is determined by the number of injection elements), drop atomlza- 

tion, and relative velocity of the oxidlzer and fuel streams.  This model is 

also used to predict the inherent efficiency of an injector through the calcu- 

lation of its energy release loss (ERL).  This loss is commonly expressed at 

%  ERL, which is the derived ERL (in seconds) divided by the theoretical 

specific impulse. 
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(U) To establish the utility of the vaporization model In the 

AREf program, experimentally determined energy release losses for the Mark 125 

Injector, from the Phase I ICP residual hardware program were compared to 

analytically derived ERL's  for the same Injector over a range of chamber L*. 

The experimental ERL's were determined as  follows:     friction, geometry,  and 

mixture ratio distribution losses were calculated, and the sum of these   Tosses 

subtracted from the theoretical specific impulse.    The difference between the 

remaining quantity and the measured specific impulse is the experimental energy 

release loss.    Figure VI-82 shows the ERL of the Mark 125 Injector as a func- 

tion of L*.    Note  the excellent analytical correlation of 0.5%. D 

n 

(U) In addition to the injector parameters considered by the 

vaporization model (i.e., drop size, drop atomlzation, and relative velocity), 

four more parameters are evaluated in the compatibility model. Including 

Impingement of fuel on the chamber wall, the net directional momentum of the 

combustion products as they leave the plane of the injector, the distribution 

of fuel over the Injector face, and the distribution of the oxidizer gas over 

the injector face. These parameters were treated qualitatively in this pro- 

gram; the approach used was to design into candidate Injectors the most ideal 

condition for each parameter. 

(U) From the results of the study, together with a concurrent 

injector mechanlca? design study, two modifications to the basic Mark 125 

injector and two new Injector concepts were selected for fabrication anc1 test 

evaluation. The Mark 125 injector modifications Included the candelabra and 

the three ORST configurations (see Section VI,C,3,a). The first new injector 

concept, designated the WARP concept, was designed in three configurations 

(see Section VI,C,3,b). The second new concept was the platelet Injector, 

designed in two configurations (see Section VI,C,3,c). The performance and 

compatibility characteristics for each of these Injectors is shown in 

Figure VI-83. This figure illustrates calculated energy release loss for each 
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injector, together with relative ratings for each of the performance and com- 

patibility parameters.  Theoretically, all showed improvement over the basic 

Mark 125 injector; the test program subsequently showed the impinging platelet 

injector to be superior to all designs considered. 

b.  Vaporization Model 

(U) The combustion mechanism can be subdivided into four 

basic components: propellaut atomization, propellant vaporization, turbulent 

mixing, and chemical reaction. Each mechanism interacts with the others and 

contributes to the observed inefficiencies of the rocket engine.  For many 

rocket engines it can be further shown that the rate-controlling process is 

that of vaporization.  That is, the atomization, mixing, and reaction processes 

are fast compared to the vaporization process.  Therefore, an injector/chamber 

design that maximizes vaporization must also maximize performance. This is 

not to say that vaporization is the only performance decrement of a rocket 

engine but rather that high performance can only be obtained with high vapori- 

zation rates. 

(U) The vaporization model treats performance loss as a mass 

defect, i.e., the performance loss is due to propellants in liquid phase exist- 

ing in the chamber throat. The assumption made here is that only vaporized 

propellant can contribute to the useful energy of the system. The potential 

chemical energy retained in the liquid phase is unavailable to the combustion 

mechanism and is proportional to the amount of mass unvaporized. 

(U) The basic vaporization model used for these analyses was 

developed by Priem and Heidmann ' and modified by Bcltran   and Aerojet. 

Priem, R. J., and Heidmann, M. F., Propellant Vaporization as a Design 
Criteria for Rocket Engine Combustion Chambers. NASA TR-R-67, 1960. 

(2) 
Beltran, M. R., et al.. Analysis of Liquid Rocket Engine Combustion 
Instability. TR No. AFRPL-TR-65-254, January 1966. 
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The Beltran modification accounts for the decomposition reaction of hydrazine- 

base  fuels.     The Aerojet contribution added impingement angle, momentum,   and 

element type effects to the basic atomization model. 

(U) The model as developed by Priem solves the combined 

energy, momentum,  and mass transfer processes acting on a statistically defined 

droplet distribution.     The propellent distribution is defined by mass median 

drop  radius and a standard deviation of drop sizes about this mean.    This gen- 

eralized drop is a function of  the following injection mechanics and propellent 

properties:    element type, injection velocity,  impingement angle, velocity 

ratio, and propellant  transport properties. 

(U) Once the  initial atomized drop size is known,   the model 

postulates  a sequence of logical interacting physical mechanisms which results 

in a prediction of droplet vaporization within the combustion chamber.    A com- 

puter program is  then utilized to simultaneously solve heat transfer, mass 

transfer,   and aerodynamic momentum transfer  (drag)  effects between the combus- 

tion gas and the liquid droplet.    Part of the heat input to the droplet raises 

the  temperature of the  liquid drop,  part provides  latent heat of vaporization, 

and the remainder goes  to superheat the vapor phase.    However,   the heat trans- 

fer rate is not an independent variable.    It must be solved simultaneously 

with  interacting mass  transfer and aerodynamic drag effects.    A few of the more 

significant interactions  follow. 

(U) Heat flux is influenced by drop size,  differential gas- 

liquid velocity, chamber pressure, thermal properties of the liquid/vapor com- 

bustion gas mixture, and vapor mantle thickness surrounding the droplet. Mass 

transfer rate from the above heat input is calculated by considering variables 

such as the propellant vapor pressure for the liquid drop temperature and pro- 

pellant vapor phase diffusion into the combustion gases.    The vaporized propellant 
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is  then assumed to react instantaneously  and produce combustion gases.    The 

cross-sectional area of the chamber  (chamber contour)   and mass  of reacted 

(vaporized)   gases  then determine  the gas  velocity at every axial  location 

between the injector face and nozzle throat. 

(U) At the injector face,  the droplet is initially assumed 

to travel at its  injection velocity.    Thereafter,  depending upon the droplet 

aid gas velocities,   droplet size,  droplet drag coefficient,  and gas properties, 

the acceleration of  the droplet within the gas stream due to aerodynamic drag 

is calculated to determine its  trajectory and chamber residence  time available 

for vaporization.    Analyses show that small drops will completely vaporize 

within the allowable  length of the combustion chamber, but the  large drops  may 

reach the  throat without vaporizing and  thus be expelled without  releasing 

their available  chemical energy.     Therefore,  useful thrust can be obtained 

only  from the vaporized mass at  the corresponding vaporized mixture  ratio. 

The degradation in overall engine performance due  to unvaporized propellant 

is  then attributed to energy release loss. 

c.       Compatibility Model 

(U) The injector-chamber compatibility model enables quali- 

tative evaluation of wall chemical and gas dynamic forces.    The model used on 

this program graphically characterizes  the element spray pattern,   including 

its  thermal and chemical composition,  and the dynamic lateral movement of  the 

resultant combustion gases.    This  is accomplished by application of  two inter- 

related models, which are described in the  following paragraphs. 

(U) The chemical and thermal environment on the wall of a 

combustion chamber is a function of the overall mixture ratio distribution and 

the spray-fan distribution from individual injector elements.     The model 

assumes  that propellant vaporization is  the rate-controlling mechanism for 
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combustion.    On the basis  of this assumption,  the analysis Is performed In the 

following sequence:     first,  the energy release potential Is determined for 

each element as a function of Its mass flow rate,   operating mixture ratio,  and 

atomlzatlon efficiency; next,  the spray area of each element Is assigned a value 

based on the energy release potential of that element, and the characteristic 

spray shape Is determined by the element configuration.    The elements are 

assigned a characteristic shape and mixture ratio distribution within the 

spray.    Oxldlzer-rlch and/or fuel-rich zones can be readily evaluated by 

graphically overlapping the individual spray areas  on the Injector face. 

(U) Gas dynamic forces on the wall of a combustion chamber 

result from non-axial flow of gases in the chamber, which In turn result from 

non-uniform mass and mixture ratio distribution across the injector face,  or 

unevenly distributed combustion in the chamber.    The Aerojet dynamic force 

model allows evaluation of the magnitude and direction of this non-axial flow, 

so that critical zones along the  combustion chamber wall may be Identified and 

design changes  specified to minimize the gas  dynamic  forces in  these  zones. 

The input information required to apply the gas dynamic forco model is as 

follows:     (1) mass and mixture ratio distribution across  the injector face, 

(2) resultant momentum and direction of effluent from each element, and 

(3) energy release profile as a function of axial distance.    This Information 

can be readily determined for a given injector/chamber design.    The gas 

dynamic force model is  then applied by assuming that each element forms a 

stream tube of ccmbustion gases, which is represented by a geometric shape 

characteristic of the element design.    The cross-sectional area of each stream 

tube is a function of the mass flow rate within the stream tube and the rela- 

tive degree of vaporization achieved by the propellants.     The stream tube 

initiates at the physical location of each element on the Injector face and 

then moves  to a new position determined by the chamber pressure profile and 

energy release profile.    This movement is  represented by a vector from the 
Ö 
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center of the original location to the center of its  relaxed location.    The 

magnitude and direction of this vector represents  the gas  dynamic  force effect. 

i 
d.       Specific Application of Models 

(1)    Chamber Diameter Evaluation 

(U) One of the hardware design changes made at  the 

initiation of the extended Phase I program as part of the effort  to eliminate 

the injector-chamber compatibility problem was to change  the chamber diameter 

from the previous  10.5  to 9.5 in.     (The previous contour was 9.5  in.  in diam- 

eter at  the Injector face but  transltioned downstream of  the injector to the 

10.5 in.   in diameter.)     The diameter change was made on the basis   that with 

the previous contour a net outward radial flow of combustion gas  occurred, 

which permitted the possibility of entrained unvaporized  fuel impacting upon 

the chamber wall.    This contour change  resulted in the chamber characteristic 

length  (L*)  being decreased from 38.35  to 35.47 in.    A study was  made to deter- 

mine the effect of this contour change upon performance.     The WARP I injector 

was used In this analysis; however,   the  results are  representative of any of 

the injectors.     Chamber length was   found  to be  the primary   factor determining 

energy release loss, and the effect is shown in Figure VI-84.    Length is a 

measure of droplet residence  time according to the one dimensional vaporiza- 

tion model,  and Increasing the length increases  the amount  of propellant vapor- 

ized.    For given chamber lengths,  variations  in chamber diameter between  7.0 

and 10.5  in.  affect ERL less  than 0.3%.    As seen by Figure VI-84,   the vapori- 

zation analysis  reveals   that slightly higher performance  could be expected 

from the smaller diameter chamber.     It is  true  that increased performance is 

normally  associated with increased L*;  however,  L* for a given chamber is 

usually Increased by increasing chamber length, which is  the determining fac- 

tor.    L*  is only a measure of the gas  residence time after vaporization and 
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combustion Is completed; It Is the liquid droplet residence time which Is 

Important and Is determined by chamber length. 

(2) Modification of the Mark 125 Injector 

(U) Performance and compatibility analyses were per- 

formed with the basic Mark 125 Injector to determine what changes could be 

made to Improve compatibility.  These analyses revealed two significant fac- 

tors:  (1) a net outward fuel momentum is present which results in fuel being 

impacted on the wall; and (2) approximately 30% of the fuel enters the con- 

vergent section of the chamber in an unvaporized state (Figure VI-85) . The 

net outward fuel momentum problem could be corrected by eliminating the radial 

flow component in the second and third tube rows from the wall.  (This was 

confirmed by hydroflow testing the Injector in the laboratory.) The potential 

incompatibility problem in the convergent section due to the large percentage 

of unvaporized fuel entering that zone could only be resolved by producing a 

finer pattern. Without completely redesigning the Injector, the only practical 

method found to achieve the finer pattern was to replace the tubes with a 

larger number of smaller tubes. Because of the complexity involved, it was 

decided to attempt this modification on the outer three rows to tubes only and 

depend upon the uniformly combusted outer periphery to act as a buffer zone 

and prevent inboard fuel from reaching the wall. The analytical aspects, for 

each of these modifications, i.e., outer three rows straight and increased 

tubes on the periphery, are discussed in the following paragraphs. 

(a) Mark 125 3 ORST Injector 

(C) This injector was designed to improve the com- 

patibility of the Mark 125 injector by (1) placing the outer row of fuel tubes 

farther away from the chamber wall and (2) directing the fuel tubes in the 

second and third rows parallel to the chamber axis. To eliminate performance 
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loss from a poor mass distribution of propellent, the second and third rows of 

fuel tubes were added to the outer row, which then consists of 96 tubes. 

Inboard fuel tubes were then repositioned to uniformly fill the space created 

by moving the second and third rows outboard. The Injector pattern is shown 

In Figure VI-4. The calculated performance of the 3 ORST injector (4.2% ERL) 

is identical to the basic Mark 125. No Improvement of compatibility in the 

convergent section was expected since nothing was changed to improve the vapor- 

ization of fuel. 

(b) Candelabra Injector 

(C) The candelabra element was designed as a means 

of producing axial fuel streams and increasing the fuel vaporization rate in 

the Mark 125 injector.  The Injector is shown in Figure VI-3 and was made by 

replacing the outer three rows of fuel tubes on the Mark 125 with elements 

having a six-tube manifold. The evaluation of the candelabra injector was 

based on the assumption that the fuel flow through the secondary injector was 

constant except for an 11% reduction in the candelabra elements (due to the 

90 degree turns in the fuel passages). Fuel vaporization rates were calculated 

for the tubes and the candelabra elements—the vaporization curves appear in 

Figure VI-86. As shown, the candelabra elements had better vaporization rates 

than the tubes.  The performance analysis indicated that the candelabra injec- 

tor produced a 3.9% ERL compared to 4.2% ERL for the basic Mark 125 injector. 

(3) Analytical Selection of New Injectors 

(U) To improve both performance and compatibility, 

increased vaporization of fuel was required. The largest influence of vapori- 

zation is the mass median drop size. High vaporization rate, with all other 

Injection parameters held constant, is inversely proportional to the mass 

median drop radius to the 1.45 power. Three methods were considered for 

* 
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decreasing the drop size from that of the Mark '.25 injector.  The first was to 

Increase, the number of Injection elements, the second to impinge fuel streams 

upon one another, and third to employ large differential injection velocities 

between the parallel oxidizer gas and the injected fuel. The effect of imping- 

iAg jets on the mass median drop size is shown in Figure VI-87. The points 

corresponding to the Mark 125 and impinging platelet injectors are noted on 

the curve for reference.  The effect of increased relative velocity was pre- 

dicted by Ingebo (Reference 1). He demonstrated that the resultant drop size 

could be descirbed by the following equation: 

Jet Diameter      . 2^  (D v ,1/2 + ^7 
Effective Drop Diameter   '    j j      '   j 

where 

Page VI-102 

CONFIDENTIAL 
(This page is UnclaBsifled) 

D      «    jet diameter»  in. 

V      ■    injection velocity   ft/sec 

AV    «    relative velocity,   ft/sec 

(U) Using the criteria of increased vaporization, 

togethet with  that of secondasy  fuel having no radial momentum component,  two 

new injector concepts were designed,  designated the WARP injector and the 

Platelet injector.    The analyses performed for each are discussed in the fol- 

lowing paragraphs. 

(a)    WARP Injectors 

(U) The WARP injector concept had the significant 

advantage over the Mark 125 injector in that the oxidizer flow was controlled 

(using a face plate) with  respect to the mixture ratio of each  fuel tube, 

(1)    Ingebo,  Robert D., Drop-Size Distributions  for Impinging-Jet Breakup in 
Airstreams Simulating the Velocity Conditions in Rocket Combustors, 
NACA TN 4222,   1958. 
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since the  tubes were surrounded with a specified amount of gas.     Further,   the 

fuel tubes  could be shortened within the  face plate orifice  cones, which 

increases   the differential velocity of the  two propellants.     The increased 

velocity difference results in greater shear force on the  fuel, which increases 

its vaporization. 

(U) Three versions of the WARP  injector were ana- 

lyzed,  designated the WARP I, WARP II,   and WARP III injectors.     The character- 

istics of  these injectors are shown in Figure VI-88, with  the performance pre- 

dictions  in Figure VI-83.    In the analyses,  shortened tubes were assumed for 

the WARP  II and WARP III injectors, while  tubes extending IJO  the plane of the 

injector face were assumed for the WARP I  injector.     (In.^h& WARP III injector 

which was   test  fired,  the tubes  also extended to the plane  of  the injector 

face.)     A schematic showing the element  configurations  is shown in Figure VI-89. 

The effect of shortening the  fuel  tubes  is shown in the vaporization curves in 

Figure VI-85. 

(C) The WARP III design was  found  to be  the best 

of the  three with  respect to performance and compatibility.     The performance 

analysis  of  this  injector resulted in a predicted performance  loss  of only 

1.2% ERL. 

(uj     Platelet Injectors 

(U) The platelet injector concept has  a significant 

advantage  over the other ARES injectors because of the  increased number of  fuel 

slots,  and the increase in vaporization  rate of the fuel.     This   injector was 

built in  two configurations:     one with axially directed  fuel streams,  called 

the Showerhead Platelet,  and one with impinging fuel streams,   called the 

Impinging Platelet Injector.    The axial and impinging vanes  are shown in 
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Figure VI-16.    Both vane types are constructed by etching the fuel channels  to 

a depth of 0.015  In.  on each of the two plates and brazing the plates  together. 

(C) The showerhead Injector has a total of 2464 

fuel slots, distributed over 88 vanes.    Bach slot Is 0.030 In. wide by 

0.060 In.  long.    The slots on the vanes are separated by a distance of 

0.020 In.    The Impinging platelet injector had the same number of fuel injec- 

tion vanes arranged In the same pattern as  the showerhead Injector;  however, 

the total number of fuel slots was Increased from 2464 to 3696.    The slots are 

D 

smaller, 0.030 In. by 0.020 In., and are arranged In pairs (1848 total pairs) 

■which Impinge at a angle of 60°. The velocity of the fuel streams as they 

emerged from the vanes are 46.7 and 93.5 ft/sec for the showerhead and plate- 

let Injectors, respectively. The distance from the outermost fuel slot to the 

chamber wall Is approximately 0.130 In. for both Injectors. 

(C) The calculated energy release loss for the 

showerhead platelet Injector was 2.8% ERL, an Improvement of 1.4% over the 

Mark 125 Injector. As can be seen In Figure VI-85, 92% of the fuel Is vapor- 

ized before it is expelled through the throat.  In addition, 0.6% mixture 

ratio distribution loss (MRD) was calculated using the stream tube technique 

and assuming uniform primary oxidizer gas at the plane fuel injection.  The 

majority of this loss results at the outer periphery in the 0.130-in. gap 

between the wall and the first fuel injection orifice. The mixture ratio dis- 

tribution loss is the same for both the showerhead and impinging injector 

configurations. 

(C) Using the vaporization model, the impinging 

platelet Injector shows a very low energy release loss of 0.4% ERL.  This is 

the result of (1) the Increased number of fuel streams; (2) smaller fuel 

streams; and (3) Increased atomlzatlon of fuel streams due to their impinge- 

ment, which is enhanced by the increased Injection velocity. It should be 
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noted, however, that even though the energy release loss obtained analytically 

is negligible, a practical limit of about IX  ERL (3 sec I ) should be expected. 

This is because conditions which are normally insignificant when the fuel 

vaporization is incomplete become a source of performance loss when the vapor- 

ization approaches 100%. The primary consideration is that as the stoichio- 

metric mixture ratio is approached, the diffusion of the fuel vapor, rather 

than vaporization, becomes the rate-controlling mechanism.  This implies that 

even though the fuel is vaporized, unless the atmosphere immediately surround- 

ing the fuel vapor contains oxidizer, no combustion will take place. The 

impinging platelet injector was the only injector evaluated where the above 

consideration became insignificant. 

2.  Air Flow Primary Combustor Gas Distribution Study 

a.  Introduction and Objective 

(U) The secondary injector performance and compatibility 

improvement test program (see Section VI,C,5,b,(3)) denoted a severe incompati- 

bility between the injector and the film-coolod ablative chamber. Following 

Test 1.2-16-WAM-010, detailed analysis of the:e few tests indicated this con- 

dition was caused by an adverse mass distribution across the secondary combus- 

tor gas injector. This lowered the peripheral mixture ratio to a fuel-rich 

condition which in turn reacted with the oxidizer coolant. An injector air 

flow test program was therefore initiated with the objective of:  (1) evaluat- 
1 

ing the validity of this hypothesis, (2) determining the cause of the suspected 

mass distribution, and (3) developing corrective devices which would eliminate 

or tailor these distributions to give a compatible condition between the injec- 

tor and the coolant on the chamber wall. 
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b.  Summary 

(U) The air flow test program extended over a ten week 

period In which 350 tests were conducted on 63 hardware combinations. All 

tests were performed In Aerojet's Aerophyslcs Laboratory. Before testing 

began, a model operating point analysis was conducted to determine the pres- 

sure and flow requirements necessary to effect hot test similarity. 

(U) The second effort consisted of defining the Individual 

component flow characteristics so that corrective action could be Instituted 

In the proper location. Eleven tests were performed during this evaluation 

are also summarized as Group 2 of Figure VI-90. 

(U) The third group of tests evaluated various techniques to 

achieve even gas flow across the Injector face. This series encompassed 114 

tests and evaluated devices such as:  diffuser cones, a conical-shaped flow 

dlverter that resembled a "coolie" hat, a multlhole orifice to remove the skewed 

flow of the unsymmetrlcal primary comb us tor turbulator assembly, symmetrical 

turbulators, and Inserts for the diffuser cone to bias the flow to the outer 

annulus of the flow channel. This group of tests Is summarized In Group 3 of 

Figure VI-91. 
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(U) The actual test program was Initiated by first evaluat- 

ing the existing test firing configuration used on Test 1.2-16-WAM-010. The 

results of this Investigation denoted a skewed flow profile together with a 

low mass flow about the Injector periphery. These results thereby confirmed 

the hot test analysis which denoted a fuel-rich Injector mixture ratio on the 

outer zones of the Injector which In turn would burn with the oxldlzer coolant. 

A summary of the 14 tests conducted toward this objective Is shown tabulated 

In Group 1 of Figure VI-90. 
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(U) The fourth effort evaluated total pressure drop techni- 

ques  to even the injector mass flow.    Such devices as  screens of various mesh, 

cross-grid plates, and notched screens  to divert  the  flow discretely were 

employed.    In all cases,   these screens were attached  to the leading edge of 

the injector vanes.    This  group of 78 tests defined the potential of using 

total pressure drop devices  to achieve an even mass  flow distribution.     The 

summary of this  testing is  given in Figure VI-92 as  Group 4 testing.     Two hot 

tests using this  technique were conducted defining structural attachment prob- 

lems of the screen to the injector during engine start and shutdown transients. 

(C) With the structural weakness of the screen approach 

defined,  the air flow program next evaluated multihole plates to develop  the 

necessary total pressure drop for mass distribution control.    For initial 

testing, a previously tested WARP III  face was evaluated.    Discrete enlarging 

of  the existing holes produced a high mass  flow about  the Injector periphery. 

This calculated mixture  ratio distribution  (MRD)   loss was 9.4 sec.    A second 

modification reduced this  flow bias to a 3.6-sec MRD loss but with a slightly 

low mass flow about the injector periphery.    Air flow testing with this dis- 

tribution system is summarized in Figure VI-93, Group 5. 

(C) Structural weakness of the WARP III plate necessitated 

air flow development of another multihole plate,  this time a WARP II injector 

face plate.    Sixteen air flow tests were performed to tailor the Injector mass 

flow.    A plate yielding 3.6 sec of MRD loss  resulted having a satisfactory 

mass  flow on the chamber periphery.    This  air flow  testing Is summarized in 

Figure VI-94 as Group 6  testing. 

(C) To further minimize mixture  ratio distribution loss and 

increase the structural integrity of the  flow distribution plates,  another air 

flow series was conducted using a specially drilled plate.    This  712-hole 
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plate yielded a 1.4-sec loss Improvement over the previous WARP II plate, 

again with satisfactory gas  flow at the Injector wall.    This  testing, summar- 

ized In Figure VI-95 as Group 7 testing, completed the air flow test program. 
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(U) In summary,  the air flow program provided the means  for 

the correction of the skewed gas  flow from the primary combustor turbulator 

assembly,  together with the development of a total pressure drop plate to 

tailor the oxldlzer gas distribution to a satisfactory condition.    As a result 

of this effort,  three changes were made to the staged-combustIon test engine. 

First,  the unsymmetrlcal primary combustor turbulators were  replaced with 

symmetrical turbulators.    Second,  the multihole orifice plate Installed at the 

Inlet to the adapter-diffuser  (which had been used to decrease the effect of 

the skewed flow resulting from the unsymmetrlcal turbulators) was removed, 

since Its  function was eliminated with the turbulator change.    Third,  the total 

pressure drop plate developed in the air flow program was Installed at the 

Injector inlet. 

(C) The pressure drop plate greatly improved the compatibility 

of the Injector and chamber through tailoring of the oxldlzer gas distribution. 

There is still some flow distribution unbalance at the plane of the injector 

face, however,  giving an estimated mixture ratio distribution loss of 2.2 sec. 

This is mainly caused by the geometry of the injector vanes and the diameter 

change  from the injector inlet to outlet of 8.5 to 9.5 in.    The best way to 

eliminate the remalaing maldistribution is through redesign of the injector. 

However, if required,  further improvement could be made by modifying the pres- 

sure drop plate to equalize the radial and circumferential distribution. 
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c.  Test System 

(1) Physical Arrangement 

(U) The inert gas flow facility of the Aerophyslcs 

Laboratory was used for the entire air flow test program. The complex con- 

sists of a 600-psi compressor, a large air storage vessel, a flow control 

valve, a flow nozzle for measurement of flow rate, a plenum chamber, the test 

article, and an exhaust stack. Five and 6-in. plumbing Is used throughout to 

reduce pressure drops. A layout of this facility is presented in Figure VI-96. 

(U) All tests performed in this facility utilized actual 

test hardware, whenever possible, to expedite testing. Figure VI-97 illus- 

trates the internal geometry of the basic gas flow model passages and the loca- 

tion of the instrumentation probes used to determine mass flow. Four nozzles 

were included in the end plate which, when choked, yielded a chamber Mach num- 

ber similar to the actual hot test. 

(2) Instrumentation 

(U) The major piece of instrumentation used was a total 

pressure probe capable of both rotation about the chamber centerline and trans-- 

lation along the centerline.    Details of this probe are given in Figure VI-98. 

The probe contains  ten total pressure tubes and two static pressure  tubes. 

(U) Each of the tubes was  connected to one side of a 

manometer containing unity oil.    The other side of each manometer was  connected 

to a static pressure tap just upstream of the injector.    Reference to this back 

pressure was required to reduce the height of fluid so that unit oil could be 

used to measure  pressure differential.    The upstream pressure tap was also con- 

nected to a ...ercury manometer for static pressure reference. 
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(U) In addition to the manometers,  the pressure and 

temperature of air upstream of the flow nozzle were recorded to allow calcu- 

lation of the flow mass rate.    Absolute atmospheric pressure was obtained from 

Aerojet's Plant Test Operation's barometer. 

0 (3)    Operation 

(4)    Data Acquisition 

(U) The manometer data were obtained In the form of 

photographs using a Polaroid camera which was signaled from the control room. 

Strip chart recordings of flow nozzle pressure and temperature were made on an 

oscillograph.    The photographs show manometer column height In 0.2-ln.  Incre- 

ments and can be Interpolated Into smaller Intervals.    This sensitivity was 

considered quite accurate when the manometer fluid was unit oil (specific 

gravity - 1.00). 
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(U) Operation of the test facility was accomplished In 

the following manner. First, the main tank valve was opened and the flow con- 

trol valve positioned by the test operator to obtain the desired value of 

upstream pressure. A photograph of the control room where the operator con- 

trols the test Is Included In Figure VI-99. Next, a Polaroid photograph (see 

Figure VI-98) was taken to record the manometer data after the manometers had 

settled out. The operation of the camera shutter signals a blinking light In 

the test bay, thus Informing test personnel to rotate the probe to the next 

position and reload the camera. A television camera permitted remote observa- 

tion of the manometer heights. Once these operations were completed, the pro- 

cess was repeated until available air was exhausted or the series was completed. 
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(5)  Data Reduction 

(U) From the photographs, the difference between average 

static pressure (probes 8 and 11) and total pressure at 10 points on the 

chamber radius is obtained. This pressure difference is a measure of the 

velocity head in this annulus. The velocity is then calculated and compared 

to the desired value at the recorded mass flow rate.  In this way, a three- 

dimensional profile can be built showing the relative mass flow per unit area 

by rotating the pressure probe through 360 degrees, since the density is con- 

stant across the entire cross-section.  This three-dimensional profile then 

shows the flow profile over the entire injector surface. 

d.  Model Operating Point Analysis 

(U) The air flow model operating point was designed to match 

normally considered similarity conditions with the compromise of using existing 

hardware whenever possible.  The resulting cold flow operating conditions com- 

pared to hot test conditions are listed in Figure VI-100.  Primary considera- 

tion on the operating point was given to matching the similarity numbers of 

Reynolds, Mach, and Prandtl. 

(1)  Reynolds Number 

(U) Reynolds number similarity is considered to be 

obtained for this air model test case since both systems are above the critical 

value of 10 where 

increasing values. 

value of 10 where rough wall loss coefficients become nearly constant with 
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(2) Mach Number 

(U) The Mach number for the Injector was matched by 

regulating the upstream pressure In conjunction with correct sizing of the 

downstream chamber four-hole exit area. 

(3) Prandtl Number 

(U) Prandtl number similarity is considered matched for 

this type of testing because heat-transfer phenomena have a small effect on 

the mass distribution through the injector. 

(4) Resonance Time 

(U) Matching of the chamber resonance time was impossi- 

ble since existing hot test hardware was used extensively.    Shortening of the 

system to make up  for the 50% difference in acoustic velocity was therefore 

Impossible.    Because dynamic response is of little value in this  type of test- 

ing,  this similarity condition was not considered Important. 

(5) Injector Velocity 

(U) Injector velocity was allowed to vary in order that 

the Mach numbers be matched. 

(6) Acoustic Velocity 

(U) Matching of the acoustic velocity was impossible 

since facility limitations prevented heating of the air. 
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(7) Viscosity 

(U) As was  the case with the acoustic velocity,   the 

viscosity could not be matched because of air temperature heating limitations. 

(8) Gas Density 

(U) The gas  density coi'1 d not be matched since the sys- 

tem was operating at near maximum pressure. 

(9) Ratio of Specific Heats 

(U) The specific heat ratio could not be matched because 

of the entirely different characteristics of air and the high NO2 content pri- 

mary combustor gases. 

e.      Discussion of Results 

(1)    Original System Evaluation 

». 

(U)     \ The original system evaluated was  that test fired 

on hot\tests  1.2-16-WAM-007  through  1.2-16-WAM-010.    Similar to that depicted 

In FiguVe VI-97,   this system included the primary Combustor barrels,  unsymmetri- 

cal turljulator asse ibly,   the diffuser-adapter section,   the platelet injector, 

a multihfcle orifice at entrance to the adapter section,  and a 9.625-in.-dia 

chamber.! J 

The injector was probed ajt eight points  about  the 

nee,  four in the long vane areas and four in the short vane areas, 

s showed two distinct flow characteristics}     (a)   the  flow was highly 

skewed,  clinging to the side of the Injector opposite, the last  turbulator vane, * 1 
J 
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and (b)  In the other quadrants,   flow was  low at the wall and significantly 

less  than desired values.    A graphical representation of this  flow character- 

istic Is given In Figure VI-101,  showing the percent excess  flow, negative or 

positive, which exists at any station.    This relationship establishes the 
■ 

variation from the desired flow.    Small variations in the velocity In the 

outermost zones of the injector have a larger effect than in the injector 

center,  since the face area varies as the square of the radius.    Primary con- 

cern,  as  far as numerical mass imbalance,  is therefore given to the outer inch 

of the injector radius, where 40% of normal flow exists. 
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(C) The mixture ratio distribution loss  for the original 

configuration was  calculated to be 1.1 sec.     This low value,  considering the 

heavily unbalanced and skewed flow,   results since the periphery is  largely 

fuel-rich.    The fuel in this area bums with the transpiration coolant, elimi- 

nating any performance loss.    However,  the  compatibility aspect of this condi- 

tion is intolerable, since the burned cooiani. can no longer protect the chamber 

wall. 

(U) A summary of this  testing with  results,  configura- 

tion,  applicable hot tests and calculated mixture ratio distribution loss 

appears as Group 1 in Figure VI-90. 

(2)    Component Flow Characteristics 

. . 

(U) This  test series was conducted to evaluate the par- 

ticular flow characteristics of each of the basic pieces of test hardware. 

With this Information, the necessary corrective action was  initiated knowing 

the effect of the basic components.    This  testing is summarized in Figure VI-90 

as Group 2. 
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(U) The first area evaluated was  the skewness believed 

to be produced by the unsymmetrlcal turbulator assembly in conjunction with 

the multihole orifice.    No injectur was  used.     Tests without the   tutbulators 

followed and lastly,  tests without  the turbulators and multihole orifice plates 

were conducted. 

(U) Evaluation of  these data indicated the diffuser- 

adapter was highly cored in all  tests.    Skewed flow existed in all tests with 

a slight improvement when the multihole orifice was  used.     The high core flow 

indicated  the diffuser flow was separating from the 15-degree (included angle) 

wall.    The nonaxi5>. metric  flow condition is produced by   the unsymmetrlcal 

turbulator and attachment of the separate 1 flow In  the stalled diffuser. 

(U) This  testing evidenced the need  to Install  flow cor- 

rection devices  in the diffuser to eliminate the stalled  condition.    Available 

diffuser information indicated the  15-degree angle wall was sufficient  for 

nonseparated flow if plenum conditions exist upstream.    In  the actual  test 

engine,   the  long primary combustor duct upstream (L/D ■ 4)   requires the use  of 

a smaller diffuser angle. 

(3)    Even Gas  Flow Evaluation 

(U) This  testing included 21 series   of 118 tests  to 

define the  flow improvement characteristics  of various mass  distribution 

devices.     The low cost of air flow  testing was  uniquely suited to  testing of 

many configurations which would normally be eliminated following  a more expen- 

sive  critical analysis and design  review.     This Group 3 testing is sumirarlzed 

in Figure VI-91,  Pages  1 through  4. 

(U) As can be seen  in the figure, many configurations 

of  flow correction devices were employed.     The  first approach used a conical 
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diversion device which resembled a coolie hat.     A schematic representation of 

various gas distribution devices  Is shown In Figure VI-102.    Configuration 3 

represents the  coolie hat configuration.     This  device was quite satisfactory 

In diverting the flow to the outside but  difficult to balance with the  flow 

beneath the hat.    Four porosities were employed without satisfactory'results. 

(U) A second system Investigated was  to remove diffuser 

separation by effectively reducing the diffuser angle.    For this purpose, a 

4-degree diffuser cone Insert was  Installed In the adapter reducing the  flow 

angles to half Its former value.    Schematically,  this system Is shown In 

Figure VI-102,  Configuration 2.    This technique was also difficult to balance 

and required several Iterations on the capture area for the Inner diffuser 

cone. 

(U) During  the preceding  two series.   It was  observed 

that the unsymmetrlcal  turbulators  and the flow straightening multlhole ori- 

fice  (MHO) were biasing the flow to one side.    Several attempts at  resizing 

the MHO produced undesirable results.    To correct this problem, a symmetrical 

turbulator assembly was designed which would not skew the flow from its normal 

axlsymmetrlc path.    The results of this testing.  Configuration 2,   Figure VI-102, 

denoted a definitive Improvement In reducing the unsymmetrlcal flow. 

(U) The results of  these aerodynamic-type corrective 

measure tests indicated high system sensitivity,   therefore requiring that 

total pressure drop be used to correct the  skewed flow distribution.    When the 

coolie hat had high pressure drop,   the flow was symmetrical but heavy on  the 

outside.     As the pressure drop was decreased, by  opening up  the hat area  to 

adjust the core flow,  the skewness  reappeared. 
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(4)     Injector Screens Evaluation 

(U) The  first attempts  to control gas  flow through  the 

use of total pressure drop were done with a screen attached to the leading 

edge of  the injector vanes.    The screen porosity was 57% through flow. 

Eighty-three tests were conducted using four variations of screen porosity. 

The tests  conducted during  this  phase of the  air flow program appear in 

Figure VI-92 as Group 4.     Since high peripheral flow was desired,  the  first 

screen was cut with a 1/4-in. gap  from the injector wall.     Results of this 

testing indicated the diffuser was still coring because the pressure drop was 

low. 

(U) The second screen extended to the injector wall, 

thereby increasing the system total pressure drop.     Desirable edge flow was 

obtained with a definite improvement in nonaxisymmetric flow.    Flow data from 

the injector's  long and short vane areas Indicated  that a high flow existed 

at  the short vane intersections.     Blockage plugs were   then  installad to reduce 

this flow.    Too high a flow reduction was obtained.     The screen was  then 

notched to obtain the required flow condition.    The  resulting flow distribution 

is  shown  in Figure VI-103.     This  configuration was hot-tested on Tests 

1.2-16-WAM-014 and 015 with satisfactory flow results. 

(U) Hot testing of the notched screen gas  distribution 

approach  demonstrated the inherent weakness of screens  to high temperature and 

pressure  Induced structural  loads.     To increase the strength,  a plate having 

milled intersecting slots of the same porosity as  the screen was air tested. 

This plate,  designated a cross-grid plate,  did not produce enough  total pres- 

sure drop   to pattern  the flow to a desirable characteristic. 

(U) To further reduce system sensitivity,  a double 

screen of higher total pressure drop was  tested with  very favorable results. 
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With the demonstrated problems of screens on hot test,  this flow device was 

dropped In favor of drilled plates. 

(5)    WARP III Face Plate Evaluation 

(C) To correct  the structural problem demonstrated with 

the screen gas distribution approach,   a drilled plate distribution system was 

evaluated.    The first plate to be evaluated was the face plate  from the 

WARP III injector,  previously run on Test 1.2-16-WAM-011  (see Figure VI-104). 

The plate was modified by increasing the hole size from 0.172  to 0.197 in.  dia 

to give a tolerable pressure drop.    A high wall flow characteristic was 

obtained as shown in Series 29-38 in Figure VI-93.    This high flow wall condi- 

tion is shown in the percent excess  flow plot of Figure VI-105.     The calculated 

mixture ratio distribution loss  for this flow characteristic was  4.2%.    This 

configuration was hot tested in Test  1.2-16-WAM-017. 

(C) The hot test showed excellent wall compatibility in 

the chamber cylindrical section confirming the high peripheral oxidizer mass 

flow Indicated in air testing.    The performance, however, was quite low, 

indicating a high mixture ratio distribution loss  as previously  calculated by 

air testing.     To increase performance,   another modification was  made  to the 

plate  to increase the center mass  flow,   thereby lowering the peripheral flow. 

This was accomplished by chamfering the inlet side of every other hole in the 

platelet center (102 holes  total).    This modified case was hot  tested prior 

to air laboratory model testing.    Compatibility information from the hot test, 

1.2-16-WAM-018B, indicated the excess   flow at the wall had been reduced.    Also, 

an oxidizer deficiency had been created just Inboard from the wall as  a severe 

incompatibility was evidenced in the convergent section of the  chamber.    These 

results were checked in air flow test series  40, runs 1  through 9.    The mass 

flow plot in Figure VI-106 shows a large reduction in oxidizer flow about 
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0.5 in.  in from the outside edge,  thereby confirming hot test results.    A 

mixture ratio distribution loss calculation indicated a loss of  3.6 sec based 

on air flow results. 

(U) The last series of tests  on the WARP III plate was 

done for technical information to see whether a multihole plate  could be modi- 

fied to give a very even gas  flow.    Twelve tests  followed with excellent 

results and Indicated complete capability to tailor the gas  flow. 

(6)    WARP II  Face Plate Evaluation 

(U) Structural weaknesses  of the WARP III plate gener- 

ated on the two  test  firings   and the many hole size  changes necessitated  the 

development of a new gas  flow distribution plate.     For this purpose,  the 

WARP II injector face plate  from an unassembled injector kit was used.    The 

primary difference between this plate and the previously tested plate was  in 

the number of holes  (753 holes versus 712 of the WARP III).    This  testing 

encompassed 16  tests  as summarized in Figure VI-94,  Group 6 testing. 

(C) Initial air lab testing indicated an excessive  total 

pressure drop and high peripheral flow.    Successive chamfering of  the leading 

edge of the holes,  lowering the entrance loss,  resulted in a desirable mass 

flow distribution.    A 3.6 sec MRD loss was  calculated for this distribution. 

This mass distribution is shown in Figure VI-107. 

(U) This very acceptable  flow condition was  used on hot 

tests,  1.2-16-WAM-019  through -023,  and satisfactory results were obtained. 
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(7)  Drilled Plate Evaluations 

(U) In an effort to reduce the mixture ratio distribu- 

tion loss while improving the structural characteristics, a new plate was 

designed and air flow tested. The drilled plate had an identical hole pattern 

and size to the WARP II face plate. The only difference was in the elimina- 

tion of intersecting chamfer on the downstream side of the plate. 

(U) Initial testing was directed to possible peripheral 

flow caused by leakage around the plate in its register. Following these 

tests, a series of tests were conducted to tailor the flow by chamfering the 

leading edge of the areas which were deficient in mass flow. 

(C) A total of 67 air flow tests were conducted yield- 

ing a plate which produced only 2.2 sec of MRD loss at an area ratio of 12:1. 

At an area ratio of 20:1, this loss increased to 2.3 sec. These tests are 

summarized in Figure VI-95 as group seven testing.  The resulting mass distri- 

bution is shown in Figure VI-108. Hot testing on this plate encompassed Tests 

1.2-16-WAM-023 through -026 and 1.2-13-WAM-003 through 1.2-13-WAM-051, without 

modification or replacement. 
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Figure VI-3. Mark 125 Candelabra Injector (u) 

Figure VI-2, Figure VI-3 
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GENERAL DATA MEASURED DATA 

1                " 

DATE DUR. 
DATA 

PERIOD INJ. S/N CHAM. S/N At 8 L* PCSC "«inj 
w 

OFC SL 

1        TEST NUMBER sec. sec. - - - ln.2 - in. psla - #/8ec lbs     1 # 

1   1.2-16-WAM-OOl 03/14/67 1.976 None WARP I ABL-STL 1 21.6 11.6 32.3 2914 2.18 0 PERFORMANCI 

1.2-l6-WA:i-002 03/20/67 1.964 None Mk  125 Cand ABL-STL 1 22.6 11.1 30.8 2731 2.21 0 PERFORMANC 

1.2-16-WAM-003 04/19/67 2.006 1.75-2.10 Mk 125 ABL-STL 1 23.5 10.7 29.6 2663 2.16 0 99750      3 

1.2-16-WAM-004 04/25/67 2.147 2.05-2.25 Mk 125 ABL-STL 2 22.1 11.5 31.5 2847 2.18 0 97301      3 

1.2-16-WAM-0O5 05/01/67 3.489 2.59-3.59 Mk 125 ABL-ABL 1 24.9 10.3 27.9 2847 2.22 41.1 108669      4 

i    1.2-16-WAM-006 05/22/67 1.243 None WARP II ABL-STL 2 22.2 11.5 31.4 S'lORl DURATION ISST - NO STEADY 

1   1.2-16-WAM-OC7 Oft/,23/67 2.420 1.97-2.i»7 SH-PL ABL-STL 3 22.2 11.4 31.3 2824 2.12 (< 93454      3 

1   l,2-16-WAM-008 07/03/67 2.526 2.08-2.58 SH-P1 A SI-STL J 23.8 10.6 29.2 27 5i) 2.14 0 102779      31 

j   1.2-16-WAM-009 07/05/67 2.520 2.ü/-2.i7 SH-PL AEL-STL 4 23.3 ' v ^ 3C.f' 2767 1.97 0 100473       | 

1   1.2-16-WAM-010 1   07/M/67 1.75'i Vone SH-PL ABL-ABL 2 21.3 a.9 32.5 2780 2.23 36.0 SHORT DURA 

1.2-lf.-WAM-011 07/20/67 1   159 None WARP III ABL-STL 5 21.3 12.0 32.7 SHORT DURATION TEST - NO STEADY 

j   1.2-16-WAM-01? 07/28/67 1.820 1.72-1.1)2 WARP IIIM ABL-STL 5 21.7 11.7 32.1 2758 2.50 0 94380      34 

1.2-16-WAM-013 07/31/67 2.512 2.01-2.51 WARP IIIM /.EL-STL 5 23.2 11.0 i*. ? ?t,30 2.37 0 95i52      3 

1.2-16-WAM-014 08/08/67 2.508 1.96-2.46 SH-PL ABL-STL 6 22.1 11.5 31.3 2816 2.28 0 98771      3 

1.Z-16-WAM-015 08/10/67 3.512 2.51-3.51 SH-PL ABL-ABL 2 22.4 11.4 31.1 2811 2.23 35.4 97388      3| 

j   1.2-16-WAM-016 08/18/67 3.520 2.52-3.52 IM-PL ABL-A?i 3 21.3 11.9 32.7 2793 2,20 3A.7 "3586   ] 3 

1.2-16-WAM-017 08/31/67 3.523 2.S2-3 52 IM-fL ABL-ABL 4 22.3 11.4 31.3 2702 2.19 35.8 94496       ] 

1.2-16-WAM-ulöB 09,;ul^7 3.531 2.06-3.06 XM-PI »'ABL-STL 6 23.4 10.9 29.9 2732 2.20 36.4 98543      3 

1   1.2-16-WAM-019 09/11/67 2.508 2.00-2.51 IM-PL ABL-STL 25.0 10.3 37.9 2711 2.17 0 108128      3 

1.2-16-WAM-02Ü 09,18/67 2.528 2.00-2.53 IM-PL 3 TRA-ABL 21.5 11.8 53.2 2885 2.28 54.6 99361      3 

1   1.2-16-WAM-021 09/19/6y 2.229 2.03-2.53 IM-PL fRA-ABL 22.0 11.6 52.1. 2821 :  -u 53.* 989Ü-,   j  i 

1.2-16-WAM-022 09/20/67 3.036 2.00-3.04 ril-PL TRA-ABL 22.9 ii.l 50.0 2746 2.22 5: ; 9b426     3 

1.2-16-WAM-023 09'li, l i 2.51'' 2.02-2.52 IM-PL TRA-ABL 23.7 10.8 48.3 2755 2.12 52.1 101479     3 

1.2-16-WAK-024 |   10/02/67 2.995 2.50-3.00 IM-PL TRA-AtiL 21.8 11.3 52.4 2714 2.10 54.0 95477 

1.2-16-WAM-026 10/11/67 2.987 1.99-2.99 Mk 125 TRA-ABL 22.1 HA 52.0 2904 2.16 47.1 99356       | 

1.2-13-WAM-003 10/25/67 3.010 2.00-3.00 WARP TIIM ABL-ABL 21.9 ■'.S n.e 283S 2.05 35.7 100109   1  3 

1.2-13-WAM-004 10/28/67 1.512 1.41-1.51 IM-PL 3 ABL-ABL 21.1 12.1 35.0 2788 2.23 40.7 97816      3 

1.2-13-WAM-015 11/16/67 2.008 1.51-2.01 SH-PL  (PID) 2 ABL-ABL 22.9 11.1 29.0 27 U2 2.13 0 99109     3 

j  1.2-13-WAM-016 |  11/17/67 2.005 1.51-2.01 SH-PL  (PID) 1 ABL-ABL 24.3 10.5 27.9 2621  | 2.151 0 99753  1  3 
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MEASURED DATA PERFORMANCE  DATA PERFORMANCE  LOSSES                   j %  PERFORMANC t 

MR.    . inj 
i 
w 

OFC V W 
eng \ SVAC 

THEO. 

bVAC 
MRDL NGL NFL PCI ERL WOFC FCL ERL SVAC '<«. 

- #/sec lbs #/sec see. sec. sec. sec. sec. sec. sec. sec. X I X 7. % 

2.18 0 PERFORMANCE  DATA COMPROI USED DUE TO INJECTOR iROS^ 

2.21 0 PERFORMANCE DATA COMPROf USED WB TO INJ1 :CTCR iROSION 

2.16 0 99750 351.9 ?83.5 294.0 316,0 1.1 5.1 4,2 0 11.6 0 0 3./ 33.0 92.-i 

2.18 0 97301 333.4 287.5 298.5 217,2 1.1 5.2 4,2 0 8.2 0 0 2.6 94.1 93.6 

2.22 41.1 108669 401.7 270.5 279.9 314.1 1.1 4.9 4,2 14.1 9.9 10.3 4.5 3.2 89.1 88.9 

T DURATIC )N TEST -  NO STEADY STATE • 
DATA 

2.12 0 98454 342.4 287.6 298.3 317.5 1.1 5.2 4.2 0 8.7 0 0 2.7 94.0 93.7 

2.14 0 102779 359.0 286.3 296.6 316.0 1.1 5.1 4.2 0 9,0 0 0 2.8 93.9 93.3 

1.97 0 10047 3 350.1 287.0 297.6 317.0 1.1 5.2 4.2 0 8,9 0 0 2,8 93,9 93.5 

2.23 36.0 SHORT DURATION NO STEJ W STATB PERFOHf «NCE 3ATA 

T DURATK )N TEST -   NO  STEADY  STATF 
I 

DATA 

2.50 0 94380 341.0 276.8 287.6 209.0 1.1 S.O 4,1 0 11,2 0 (1 3.6 93.1 90.2 

2.37 0 95552 342.4 279.1 289.9 311.4 1.1 5.0 4.1 0 11.3 0 0 3.6 93.1 90.9 

2.28 P 98771 343.6 287.5 29b. 3 315.0 0 5.2 4,2 0 7.3 0 0 2.3 94.7 93.6 

2,23 35.4 97388 36C.1 270.5 280.8 316  2 0 4.9 4,2 19.0 7.3 9.8 6.0 2.3 88.8 88.1 

2.20 34.7 93586 344.8 271.4 282.2 317,9 4.2 4.9 4,2 16.5 5.9 10.0 5.2 1.9 88.8 88 4 

2.19 35.8 94496 355.6 265.7 276.1 317.0 9.4 4.8 4,2 16.6 5.9 10.1 5.2 1,9 87.1 86.5 

2.20 36.4 98543 364.4 270.4 280.6 316.0 3.6 4.9 4,2 15,8 5,9 10.0 5.0 1.9 88.8 88,1 

2.17 0 108128 377.7 286.3 296.2 315.0 3.6 5.1 4,2 0 5.9 0 0 1.9 94.0 93.3 

2.28 54.6 99361 376.9 263.6 273.4 315.6 3.6 4.7 4.2 23.8 5.9 14.7 7.54 1.9 86,6 85.9 

2.21 53.4 98957 373.1 265.2 275.1 317.0 3.6 4.8 4.2 23.4 5.9 1A.3 7.38 1.9 86.8 86.4 

2.22 52.3 98426 372.6 264.2 274.1 316.0 3.6 4.8 4.2 23.4 5.9 14.0 7.40 1.9 86.7 86.1 

2.12 52.1 101479 379.3 267.5 277,3 316.4 3.6 4.8 4.2 20.6 5,9 13.7 6.51 1.9 87.6 87.1 

2.10 54.0 95477 359.0 265.9 276.0 317.5 2.2 4.8 4.2 24.4 5.9 15.0 7.93 1.9 86.9 86.6 

2.16 47.1 99356 378.4 262.6 272,2 317.2 5.3 4.7 4.2 20.6 10.2 12.5 6,50 3.5 »5.8 85,5 

2.05 35.7 100109 355.1 271.5 281,9 318.3 2.2 4.9 4.2 14.9 10.2 11.1 4.68 1.9 88.6 88.0 

2.23 40.7 97816 352.3 267.1 277,6 317,4 2.2 4.9 4.2 22.7 5.9 11,6 7.15 1.9 87.5 86.9 

2.13 0 99109 341.6 290.1 301.0 316,9 2.2 5.2 4.2 0 4.3 0 0 1.4 95.0 94.5 

2,15 0 99753 346.3 288.0 298.9 315.6 2.2 5,2 4.2 0 5.1 0 0 1.6 94.7 93.8 
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Symbol Title 

ABl-ABL Ablative  Chamber  -   Ablative  Nozzle 

ABL-ETL Ablative Chamber -  Steel Nozzle 

*« 
Throat Area 

Cha.ii Chamber Type 

Data Period Time  from FS.    during which data was sampled 

Dur Test Duration 

ERL Energy Release Loss 

FCL Film C'-ollng Los« 

FS1 Engine  Fire  Switch 

FVAC Vacuum Thrust 

IM-PL Impinging Platelet   Injector 

InJ Injector Type 

^ 
Sea Level  Specific  Impulse 

^AC 
Vacuum Specific  Impulse 

1* Characteristic Length 

Mk  125 Mark 125 -  3 ORST Injector 

MRDL Mixture  Ratio Distribution Loss 

^INJ Injector Mixture  Ratio 

NFL Nozzle  Friction Loss 

NGL Nozzle Geometry Loss 

PCSC Secondary Chamber Pressure,   totjl 

SH-PL Showerhead  Platelet   Inje  tor 

SH-PL  (PID) Showerhead  Platelet  Injector with Performance  Improvement Device 

S/N Serial Number 

Theo  1- 
^AC 

Theoretical  Vacuum Specific   Impul-e 

TRA-ABL Transpiration Chamber-Ablative Throat  and  Nozzle 

Trans. Transpiration Thrust  Chamber 

WARP  I WARP  Injector,   Type   I 

WARP II WARP  Injector,  Type  II 

WARP III WARP  Injector,  Type  III 

WARP  IIIM WARP  Injector,  Type   III without  Face  Plate 

W 
eng 

Engine  Total Weight  Flow 

"OFC 

a 

Film Coolant Weight Flow 

Area  Ratio 

Nomenclature List, Secondary Injector Program, 
Performance Analysis 

Figure VI-8 
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Mark 125 3 ORST Injector—Reinforced (U) 

Figure VI-10 
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Figure VI-11 
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Figure VI-12. WATP II Injector Faceplate - Backside 

Figure VI-13. WARP II Injector Faceplate - Faceside 

Figure VI-12, Figure VI-13 

CONFIDENTIAL 
(This page is Unclassified) 



CONFIDENTIAL 

Report 10830-F-l,  Phase I,  Supplement 1 

Figure VI-14.    WARP III Injector Fuel Manifolding  (u) 

Figure VI-15.    WARP III   Injector - Face View  (u) 

Figure VI-14,  Figure VI-15 
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FLOW DIFFUSION 
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ETCH DKPTH .O-'O 

FJTT HAIJ-' 

ETCHED AREA 
IK BLACK 

FIEL CMJKCTION ORI.FrCFS 

ETCH DEPTH   .OjO 

TYPICAL ÖHOWERHEAD  INJECTOR 
VANE 

VllKL INLET 
ETCH DEPTH   .020 

■''MMON W.NIFOLD 
ETCH DEHB  .030 

FLC'W CONTROL 

ZONE 

ETCH DEPTH .020 

FLOW DIFFUSION 
ZONE 

ETCH DEPTH .020 

RIGHT HALF 

jng noaagca cccgB 
LPFT HJMF 

ETCH DE!TH   .020 RinilT WyJF 

Typical Platelet  Injector Vanes 

Figure VI-16 
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Showerhead Vane Halves and Assembled Vane 

Figure VI-17 
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Platelet  Injector—Strip Modification   (U) 

Figure VI-18 
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Platelet Injector—Rod Modification (U) 

Figure VI-19 
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Figure VI-21.  Uncooled instrumented Thrust Chamber 
Schematic 

Figure VI-20, Figure VI-21 
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x\    PC   1/ 

Primary Combustion Chamber with Moon-Shaped Turbulators 

Figure VI-25 
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Primary Combustion Chamber with Concentric Turbulators 

Figure VI-26 
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Secondary Combustor Test Stand Adapter 

Figure VI-27 
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NO. SYMBOL TITLE 

1 PoL 

2 PoPCV 

3 PoD 

h PoJPC 

5 FoJSC 

6 PGoFCV 

7 PGoB 

8 POM: 

9 PHD 
10 ToL 

n ToDFM 

12 FMoD 

13 FMVoD 

Ik FMoD-FC 

15 PfL 

16 PfPCV 

17 PfD 

r PfJPC 

19 PfJSC 

20 PfSCV 

21 PGfFCV 

22 PGfB 

23 PcPC 

2k PcMD 

25 PcX 

26 TfL 

27 TfDFM-PC 

28 TfDFM-SC 

29 TcPC 

30 FMfD-PC 

31 FMfD-SC 

32 FMVfD-SC 

Oxidizer Intensifier Outlet Pressure 

Oxidlzer Primary Combustor Valve Pressure 

Oxidizer Discharge Pressure 

Oxidizer Primary Combustor Injector Pressure 

Oxidizer Secondary Combustor Injector Pressure 

Oxidizer Flow Control Valve Gas Pressure 

Oxidizer Gas Side Booster Pressure 

Oxidizer Coolant Manifold Pressure (l and 2) 

Hydraulic Discharge Pressure 

Oxidizer Temperature Intensifier Outlet 

Oxidizer Temperature Primary Combustor Flow Meter 

Oxidizer Flow Meter Primary Combusxor 

Oxidizer Digital Flow Primary Combustor 

Oxidizer Film Coolant Flow Meter 

Fuel Intensifier Outlet Pressure 

Fuel Primary Combustor Valve Pressure 

Fuel Discharge Pressure 

Fuel Primary Combustor Injector Pressure 

Fuel Secondary Combustor Injector Pressure 

Fuel Secondary Combustor Valve Pressure 

Fuel Flow Control Valve Gas Pressure 

Fuel Gas Side Booster Pressure 

Chamber Pressure (1 and 2) Primary Combustor 

Chamber Pressure (1 and 2) Mixing Cavity 

Chamber Pressure Secondary Combustor 

Fuel Temperature Intensifier Outlet 

Fuel Temperature Primary Combustor Flow Meter 

Fuel Temperature Secondary Combustor Flow Meter 

Primary Combustor Chamber Temperatures (5 through 8) 

Fuel Flow Meter Primary Combustor 

Fuel Flow Meter Secondary Combustor 

Fuel Digital Flow Secondary Combustor 

ARES Intensifier-Fed Engine Flow and Instrumentation 
Schematic 

Figure VI-28 
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Platelet Injector with Performance Strips—Posttest  (U) 
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Platelet  Injector with Performance Rods—Posttest   (U) 

Figure VI-34 
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1.2-16-WAM 

Test No. -005 -010 -015 -016 -017 Theo. Temp. 

WpQ, lb/sec 41.8 36.0 36.1 34.8 36.6 35 40 

Duration sec 3.49 1.76 3.51 3.52 3.52 

Injector Type Mk 125 Sh Fl Sh PI Im PI Im n 
3 ORST w/screen w/cone w/plate 

Distance from 
Thermocouple Injector Face, RECOKDED TEMPERATURE, 0F 

Numbers in. 

Al 420 350 340 400 350 
A2 395 BO INV. 520 INV. 
A3 O.50 INV. 350 380 400 400 230 200 
A4 420 670 400 740 500 
A5 390 BO 2300 BO - 

Bl 480 1120 1600 BO 440 
B2 700 600 600 600 BO 
B3 2.16 720 700 960 BO 850 440 360 
B4 550 Ques. 650 450 BO 
B5 700 500 INV. 720 - 

Cl 870 &80 500 1400 BO 
C2 700 1330 1300 BO BO 
C3 2.93 790 970 1800 BO 750 590 480 
C4 1180 580 900 BO 880 
C5 970 800 500 730 - 

Dl 1020 1180 1360 BO 920 
D2 1050 580 1700 BO 600 
D3 3.73 560 700 1010 BO 1020 790 660 
D4 1280 950 1800 BO 740 
D5 980 700 980 1600 - 

El 1000 BO BO 130 1450 

E2 1100 BO 770 1010 BO 
E3 4.62 1500 BO 550 930 1280 970 800 
E4 830 BO 520 BO 900 
E5 Ques. BO 1180 800 - 

Fl 2100 1350 1400 900 BO 
F2 1810 1170 1500 BO 1100 

F3 5.66 BO 860 1320 OS 1150 1150 950 
F4 BO BO 1700 BO - 
F5 1070 1180 1230 BO - 

Gl BO INV. 1600 
G2 580 
03 8.06 1300 1510 
04 BO 
05 1680 

NOTES:       INV. -  Invalid 
BO -   Burnout 
OS -  Overscale 
Ques. - Questionable Data 

Thermal Data Summary - Instrumented Ablative 
f Test Series 

Figure VI-39 
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Compartment 
Number 

Thermocouple 
Number 

Depth, 
in. 

|      Test No. 1.2-16-WAM-       j 

-D20 -021 -022 -023 
6F op op öF

r 

1 15 

18 

.005 

.00k 
500 

^30 

230 

238 

231 

277 

219 

2^3 

2 9 

10 

11 

12 

.002 

.005 

• 0035 

.006 

720 

565  , 

500 

dko 

815 

675 

500 

lh5 

923 

726 

617 

1021 

1352 

822 

875 

1283 

3 1 

2 

3 

k 

5 

6 

.00? 

.0035 

•003 

.00k 

.003 

.006 

1+85 

h60 

395 

315 

520 

570 

510 

470 

450 

550 

5^5 

551 

kk5 

k6h 

5U9 

599 

652 

528 

k9h 

363 

605 

67k 

Measured Temperature Data, Trans-Ablative Chamber, Test 
Series 12.-16-WAM 

Figure VI-43 
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3    750 

v 
TtST  NO. 

-02! 

fs. -023 
• 024 
-021 

PKJiOICTtD SUKFACE     Ti^        -oio 

  
TTHPEMTUKES ^ 

TKF.mx OUPLB NirMMR -v 

I     " 

  

MEASURED SURFACE 
TEMPEHATVBIS 

1   -1« 
* -18 

__:;!i.i..i?__ 

     . 
1.0      1.5        2.0        2.5        1.0      3.5      4.0 

COOLANT FLOW RATE, LB/SEC 

Figure VI-A4. Compartment No.   1 Temperature Summary, 
Trans-Ablative Chamber 
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1Igure VI-65.     Compartment No.   2 Temperature  Summary, 
Trans-Ablative Cliaraber 

TEST  NO. 

Q-02J 

1 

PREDI CTtr  Sl'RFAC 1    ^^-.-012 
TIMPF RATVRXS —v 

^^o.-J 

  
p^ 

THEMOtOUPü;   NnnER 

■b 

1 
MtASUMD tRATVVS 

-I f' >| 
•a 
-1 

: ■A 

■i       :|J 
-4 -3 

■4 

3.0 J.5 4.0 

COOUST  rtOWRATE.   LI/SEC 

Figure Vl-Ub.     Coinpartroent  No.   3 Temperature Sumrary, 
Trans-Ablative Cliaraber 

Figure VI-44 
Figure VI-45,  Figure VI-46 
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0 

Figure VI-47.  Transpiration-Ablative L* Section (u) 

Figure Vl-48.  Composite Corabustion Chamber (u) 

Figure VI-A7, Figure VI-«8 
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Uli MB—MB—M ,. 1 

CHAMBER INJECTOR DUR. 
SERIES    TEST SERIAL NO. SERIAL NO. SEC. LBS/SEC N2O4 INSTALLED OBJECTIVE 

I            025 3 3 1.157 40 B (2) No Compatabillty Check-out 
005 3 3 1.108 50 B (2) No Comriatabillty Check-out 
006 3 3 3.990 48.5 Yes Performance Evaluation 
007 3 3 17.251 52.0 No Duration Evaluation 
008 3 3 1.483 43.4 No 1st  Cutback Evaluation 
009 3 3 3.028 Al. 2 Yes 1st Cutback Performance Evalu 
010 3 3 20.057 40.9 No 1st  Cutback Duration Evaluatl 
Oil 3 3 1.521 36.2 Yes 2nd Cutback Evaluation 
012 3 3 3.084 35.9 Yes 2nd  Cutback Performance Evalu 
013 3 3 3.674 36.7 No 2nd  Cutback Duration Evaluati 
014 3 3 1.542 31.3 Yes 3rd  Cutback Evaluation 

II          017 4 4 1.524 51.1 Yes Chamber Hydraulic Balance Eva 
018 4 4 1.524 38.8 Yes 1st  Cutback Eval.   to Prev.  Ex 
019 4 4 3.023 36.3 Yes 1st  Cutback Performance Evalu 
020 4 4 1.523 31.4 No 2nd  Cutback Eval.   to SN-3 Fai 
021 4 4 3.019 30.9 Yes 2nd Cutback Performance Evalu 
022 4 4 1.515 32.9 Yes 3rd  Cutback Evaluation 
023 4 4 3.009 30.8 Yes 3rd  Cutback Performance Evalu 
024 4 4 20.486 28.1 No Duration Demo. 0 89.57» Perform 
025 4 4 1.464 30.5 Yes 4th Cutback Evaluation 
026 4 4 1.504 31.5 Yes 4th Cutback Repeat Evaluation 
027 4 4 5.021 30.3 Yes 5th Cutback Evaluation  (Durin 

III          028 5 5 1,513 49.4 No Hydraulic  Balance Evaluation 
029 5 5 .934 35 B(2) Yes 1st  Cutback Evaluation to  35 
030 5 3 1.521 34.9 Yes 1st  Cutback Repeal Evaluation 
031 5 3 3.049 34.1 Yes 1st  Cutback Performance Demo. 
032 5 3 1.505 31.5 Yes 2nd  Cutback Evaluation 
033 5 3 3.021 30.9 Yes 2nd  Cutback Performance Demo. 
034 5 3 2.003 30.4 Yes 3rd  Cutback Performance Demo. 
035 5 3 2.002 29.7 Yes 4th Cutback Performance Demo. 
036 5 3 3.027 29.5 Yes Repeat  Performance Demo.   (3 89 
037 5 3 3.019 29.8 Yes Repeat Performance Demo.  0 89 
038 5 3 20.922 28.4 No Duration Demo.   Cd 897. 
039 5 3 20.708 28.5 No Duration Demo.  (? 897« 
040 5 3 20.791 29.0 No Duration Demo.   @ 897, 
041 5 3 2.268 27.8 Yes 5th Cutback Performance Demo. 
042 5 3 2.261 26.4 Yes 6th Cutback Performance Demo. 
043 5 3 2.264 25.3 Yes 7th Cutback Performance Demc 
044 5 3 2.261 25.3 Yes Repeat Performance Demo (3 907 
045 5 3 2.261 25.2 Yes Repeat  Performance Demo (? 907 
046 5 3 11.380 25.3 No Duration Demonstration (? 907» 

IV          047 4R 3 2.257 33.5 Yes Performance Checkout @ 35  lbs 
048 4R 3 2.259 31.6 Yes 1st  Cutback Evaluation 
049 4R 3 2.256 29.3 Yes 2nd  Cutback Evaluation 
050 3R 4R 2.258 33.5 Yes Performance Checkout & 35  lbs 
051 3R 4R 2.253 31.5 No 1st  Cutback Evaluation 

(1) Specific  Impulse Determined From ISgL    Versus Coolant  Flow Relationship Developed From Te 

(2) Balance Value CONFIDENTIAL 
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1 
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OBJECTRE RESULTS 
PERF. 
WSsi 

lillty Check-out 
'i iity Check-out 
nee Evaluation*** 

i Evaluation 
ack Evaluation 
ack Performance Evaluation 
ack Duration Evaluation 
ack Evaluation 
ack Performance Evaluation 
ack Duration Evaluation 
ack Evaluation 

Excessive Discoloration Between Compartments 5 & 6 
Eliminated Discoloration Between Compartments 5 & 6 
No Abnormalaties, Minor Streaks 
No Abnormalaties, Minor Streaks                . - 
Brown to Bluish in Throat Section 
Compartments 2 & 3, Dark Brown.  Spots in Compts 5 & 6 
No Abnormalaties, Nozzle Evidenced Blue Streaks 
No Additional Discoloration 
No Change 
Premature Shutdown by Malfunction Sensing Device 
Chamber Erosion Initiated in Compartment #6 

86.1 
86.0(1) 
87.1(1) 
87.4 
87.5^) 
88.2 
87.8 
88.O^1) 
88.6 

Hydraulic Balance Eval. 
ack Eval. to Prev. Exper. 
ack Performance Evaluation 
ack Eval. to SN-3 Fail Flow 
ack Performance Evaluation 
ack Evaluation 
ack Performance Evaluation 
Demo. @ 89.5% Performance 
ack Evaluation 
ack Repeat Evaluation 
ack Evaluation (During S.S.) 

No Discoloration, Minor Streaks 
No Discoloration, Minor Streaks 
Slight Discoloration, Minor Streaks 
Slight Discoloration, More Noticeable Streaking 
Slight Discoloration, Nozzle Exhibits Blue Streaks 
Slight Discoloration, Nozzle Exhibits Blue Streaks 
Slight Discoloration, Black Nozzle Streaks 
Satisfactory Duration Demonstration 
Minor Erosion During Start Between Compts 5 & 6 
Satisfactory Wall Condition 
Nozzle Burnout in Compartments 9, 10, 11 ^nd 1? 

86.2 
87.7 
88.3 
89.2 
89.5 
88.3 
89.5 
90.S^ 
89.7 
88.9 
89.6 

: Balance Evaluation 
ick Evaluation to 35 #/Sec 
ick Repeal Evaluation 
ick Performance Demo, 
ick E-'aluation 
ick Performance Demo, 
ick Performance Demo, 
ick Performance Demo. 
:rformance Demo. @ 89% 
rformance Demo. (3  897» 
Demo, ra 89% 
Demo. (3 89% 
Demo. (? 89% 
ck Performance Demo. 
ck Performance Demo, 
ck Performance Demo. 
rformance Demo <3  90% 
rformance Demo @ 90% 
Demonstration (3 90% 

No Discolorations 
Malfunction, Injector Seal Failure Initiated Inj. Damage 
Slight Discolordtion, Noticeable Streaks 
Slight Discoloration, Noticeable Streaks 
Slight Discoloration, Noticeable Streaks 
Slight Discoloration, Noticeable Streaks 
Slight Discoloration, Noticeable Nozzle Streaks 
Slight Discoloration, Noticeable Nozzle Streaks 
No Adverse Wall Conditions 
No Adverse Wall Conditions 
No Increase in Wall Discoloration With Dur. 
No Change 
No Change 
Dark Chamber, Heavy Nozzle Streaks 
No Change 
Demonstrated Contractually Required Performance 
Demonstrated Contractually Required Performance 
Demonstrated Contractually Required Performance 
Nozzle Burnout in Compartments 8, 9, 10, 11 and 12 

86.5^ 
86.9 
88.1 
87.5 
88.5 
88,6 
89.0 
89.1 
88.4 
89.4 
89.3(1) 
89.1(1) 
89.id) 
88.8 
89.5 
90.3 
90.3 
90.2 
90.3 

ce Checkout (3 35 lbs/sec 
ck Evaluation 
ck Evaluation 
ce Checkout (3,35 lbs/sec 
ck Evaluation 

No Adverse Wall Conditions 
No Adverse Wall Conditions 
Burn-out in Compartment #6 Adjacent to Repaired Area 
No Adverse Wall Conditions 
Vane Leak Initiated Chamber Deterioration 

88.1 
88.7 
88.7 
89.2 
89.4(1) 

ip Developed  From Tests Where Nozzle Extension Was Used. 

Summary,  Transpiration Cooled Chamber Test Program (U) 

Figure VI-49 
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ARES COOLED CHAM 

TEST DATA AND PERFORMANC! 

GENERAL DAT« ML 

DATE DUR. 
DATA 

PERIOD INJ. S/N CHAM. S/N At e L* POSC "taj 

TEST NUMBER sec sec ln.2 In. 1   psls 

1.2-16-WAM-025 10/05/67 1.157 None IM-PL TRANS 3 21.3 5.6 34.8 .«HORT WIRATll» 

1.2-13-WAM-005 10/31/67 1.018 None IM-PL TRANS 3A 21.5 5.7 34.5 SHORT DURATIOK 

1.2-13-WAM-006 11/1/67 3.990 2.94-3.94 IM-PL TRAHS 3A 21.4 19.9 34.6 2860 2.18 

1.2-13-WAM-0O7 11/3/67 17.251 16.20-17.20 IM-PL TRANS 3A 21.4 i.6 34.6 2939 2,216 

1     1.2-13-WAM-O08 11/7/67 1.488 1.39-1.49 IM-PL TRANS 3A 21.4 5.6 34.6 2863 2,235 

|     1.2-13-WAM-009 11/7/67 3.028 2.0-3.0 IM-PL TRANS 3A 21,4 19.9 34.6 2855 2,202 

'     1.2-13-W/M-010 11/8/67 20.057 2.0-20.01 IM-PL TRANS 3A 21.4 5,6 34.6 2744 2,200 

1.2-13-WAM-Oll 11/9/67 1.521 1.42-1.52 IM-PL TRANS 3A 21.5 19.8 34.6 2810 2,230 

1.2-13-WAM-012 11/9/67 3.084 2.0-3.0 IM-PL TRANS 3A 21.5 19.9 34,6 2777 2,160 

1.2-13-WAM-013 11/9/67 3.674 2.62-3.62 IM-PL TRANS 3A 21.5 5.6 34.0 2748 2.175 

1.2-13-WAM-014 11/14/67 1.542 1.39-1.51 IM-PL TRANS 3A 21.9 19.6 34.1 2747 2,178 

{     1.2-13-WAM-017 11/27/67 1.524 1.32-1.52 IM-PL TRANS 4 21.3 20.0 34.7 2867 2,236 

1.2-13-WAM-018 11/28/67 1.524 1.38-1.49 IM-PL TRANS 4 21.3 20.0 34.7 2753 2,241 

1.2-13-WAM-019 11/28/67 3.023 2.0-3.0 IM-PL TRANS 4 21.3 19.9 34.7 2768 2,230 

1.2-13-WAM-020 12/01/67 1.523 1.36-1,52 IM-PL 4 TRANS 4 21.3 19.9 34.7 2788 2.198 

1.2-13-WAM-021 12/4/67 3.019 2.0-3.0 IM-PL 4 TRANS 4 21.3 19.9 34.7 2806 2.22 

1.2-13-WAM-022 12/5/67 1.515 1.37-1.48 IM-PL 4 TRANS 4 21.3 19.9 34,7 2797 2.25 

1.2-13-WAM-023 12/5/67 3.009 2.46-2.96 IM-PL 4 TRANS 4 21.3 19.9 34,7 2823 2.20 

1.2-13-WAM-024 12/6/67 20.486 19.99-20.49 IM-PL 4 TRANS 4 21.4 5.7 34.7 2866 2.25 

1      1.2-13-WAM-025 12/8/67 1.464 1.36-1.46 IM-PL 4 TRANS 4 21.4 19.9 34.6 2817 2.26 

1.2-13-WAM-026 12/12/67 1.504 1.36-1.46 IM-PL 4 TRANS 4 21.4 19.9 34.6 2860 2.25 

1.2-13-WAM-027 12/13/67 5.021 4.00-4.50 IM-PL 4 TRANS /. 21.4 19.9 34,6 2852 2.20 

1.2-13-WAM-028 12/13/67 1.513 1.36-1.46 IM-PL 5 TRANS 5 21.2 5.4 34,8 2803 2.22 

(1)    Specific  Impulse determined  from Ig      versus coolsnt  flow relstlonshlp developed  from tests where extension nozzle wssi 

1 
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ES COOLED CHAMBER 

AND PERFORMANCE SUMMARY 

MEASURED DATA PERFORMANCE DATA PERFORMANCES LOSSES X PERFORMANCE 

PCSC «1.J 
• 
WOFC 

FSL 
W eng IssL 

Is ^VAC 

THEO. 
ISVAC MRDL   NGL      NFL      FCL        ERL WOFC       FCL      ^VAÖ ^SL 

psla #/sec lbs #/MC sec sec sec sec     sec      sec      sec         s.^c \          X              t /a 

SHORT DURATION TEST 

1 
■  NO PERFORMANCE DA lA 

CONFIDENTIAL 
SHORT DURATION TEST ■  NO PERFORMANCE DA TA 

2860 2.18 48.5 99071 369-8 267.9 284.8 329.5 5.6      2.7      3.1      27.3        6.3 13.11    8.20      86.4 86.1 

2939 2.216 52.0 91677 381.2 240.5 245.1 296.8 NO PERFORMANCE ANALYSIS-EXTENSION NOZZLE  REMOVED 
1 

NO PERFORMANCE ANALYSIS-EXTENSION NOZZLE REMOVED 

86.0^ 

2863 2.235 43.4 88819 366.3 242.5 247.3 296.4 87.1(1) 

2855 2.202 41.2 98607 362.6 271.9 289.1 329.3 5.6     2.8      3.1      22.4        6.3 11.36    6.80      87.8 87.4 

2744 2.^.0 40.9 85231 350.2 243.4 248.4 297.3 11.67                   83.6 87.5(1> 

2810 2.230 36.2 97447 355.1 274.4 292.0 328.5 5.6     2.8      3.1      18.7         6.3 10.18    5.68      88.9 88.2 

2777 2.160 35.9 95665 350.2 273.2 291.0 329.5 5.6     2.8      3.1      21.7         6.3 10.26    6.28      88.3 87 8 

2748 2.175 36.7 85494 347.9 245.7 250.8 297.6 NO PERFORMANCE ANALYSIS-EXTENSION NOZZLE  REMOVED 88.0(1) 

2747 2.178 31.3 95482 34b. 3 275.7 293.7 329.1 5.6      '.8      3.1      17.6        6.3 9.03    5.34      89.3 88.6 

2867 2.236 51. I 08200 366.3 268.1 285.0 328.4 2.3      2.7       3.1       29.0         6.3 13.94    8.80      86.8 86.2 

2753 2.241 38.8 95245 349.3 272.7 290.5 328.3 2.3     2.8      3.1      23.3        6.3 11.10    7.07      88.5 87.7 

2768 2.230 36.3 97225 354.C 274.6 292.2 J-;8.6 2.3     2.8       3.1       21.9         6.3 10.25    6.65      88.9 88.3 

2788 2.198 31.4 96511 347.7 277.6 295.5 329.4 2.3     2.8      3.1      19.4        6.3 9.04    5.89      89.7 89.2 

2806 2.22 30.9 96933 348.1 278.4 296.2 328.9 2.3     2.8      3.1       18.2        6.3 8.88    5.52      90.1 89.5 

2797 2.25 32.9 96073 349.8 274.7 292.5 327.9 2.3     2.8      3.1      20.9        6.3 9.41    6.34      89.2 88.3 

2823 2.20 30.8 97514 350.2 278.5 296.3 329.4 2.3     2.8      3.1      18.6        6.3 8.79    5.64      89.9 89.5 

2866 2.25 28.1 89356 354.2 252.3 257.3 296.1 NO PERFORMANCE ANALYSIS-EXTEN 3ION NOZZLE REMOVED 90.5<l) 

2817 2.26 30.5 97331 348.8 279.0 296.9 327.6 2.3    2.8      3.1      16.2        6.3 8.74    4.92      90.6 89.7 

!860 2.25 31.5 97776 353.5 276.6 294.1 327.9 2.3    2.8      3.1      19.3        6.3 8.91    5.86      89.7 88.9 

!852 2.20 30.3 98586 353.9 278.6 296.2 329.3 2.3    2.8      3.1      18.6        6.3 8.55    5.64      89.9 89.6 

1803 2.22 49.4 86014 362.0 237.6 242.2 295.9 NO PERFORMANCE ANALYSIS-EXTENS 
 I 

ION NOZZLE  REMOVED 86.5(1> 

n nozzle was used. 
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ARES COOLED CHAMBER 

TEST DATA AND PERFORMANCE SUMMARY 

i                                                                                           GENERAL DATA 1                           MEASURE! 

DATE DUR. 
DATA 

PERIOD INJ, S/N CHAM. S/N At e L* PCSC »»inj W0F( 

TEST NUMBER sec PJC m.2 
in. psla #/«. 

1.2-13-HAM-029 12/18/67 .934 None IM-PL 5 TRANS 21.2 19.9 34.8 MALFUNCTION -      ( 

1.2-13-WAM-030 12/20/67 1.521 1.42-1.52 IM-PL 3 TRANS 21.3 19.9 34.7 2722 2.19 34, < 

1.2-13-WAM-031 12/20/67 3.049 2.55-3.05 1M-PL 3 TRANS 21.3 19.9 34.7 2884 2.19 34,: 

1.2-13-WAM-032 12/21/67 1.505 1.41-1.51 IM-PL 3 TRANS 21.3 20.1 34.7 2807 2,22 3i,; 

1.2-13-WAM-033 12/21/67 3.021 2.52-3.02 IM-PL 3 TRANS 21.2 20.2 34.7 2857 2.21 30,« 

1.2-13-WAM-034 12/26/67 2.003 1.50-2.00 IM-PL 3 TRANS 21.2 20.2 34.7 2841 2.19 30,^ 

1.2-13-WAM-035 12/27/67 2.002 1.45-1.95 IM-PL 3 TRANS 21.3 20.0 34.7 2806 2.22 29,; 

1.2-13-WAM-036 12/27/67 3.027 2.40-2.90 IM-PL 3 TRANS 21.3 20.0 34.7 2856 2.19 29,! 

1.2-13-WAM-037 12/27/67 3.019 2.39-2.89 IM-PL 3 TRANS 21.4 19.9 34.7 2756 2.20 29,f 

1.2-13-WAM-038 12/28/67 20.922- 20.37-20.87 IM-PL 3 TRANS 21.3 5.5 34.7 2858 2.20 28.^ 

1.2-13-WAM-039 12/29/67 20.708 20.16-20.66 IM-PL 3 TRANS 21.3 5.5 34./ 2854 2.20 28.! 

1.2-13-WAM-040 12/29/67 20.791 20.24-20.74 IM-PL 3 TRANS 21.3 5.5 34.7 2798 2.23 29.C 

1.2-13-WAM-041 1/2/68 2.268 1.77-2.27 IM-PL 3 TRANS 21.4 21.4 34.6 2676 2.20 27.8 

1.2-13-WAM-042 1/2/68 2.261 1.76-2.26 IM-PL 3 TRANS 21.4 20.0 34.6 2786 2.20 26.4 

1.2-13-WAM-043 1/3/68 2.264 1.76-2.26 IM-PL 3 TRANS 21.3 20.1 34.7 2815 2.20 25.3 

1.2-13-WAM-044 1/3/68 2.261 1.76-2.26 IM-PL 3 TRANS 21.4 20.7 34.6 2820 2,18 25.3 

1.2-13-WAM-045 1/3/68 2.261 1.76-2.26 IM-PL 3 TRANS 21.4 20.0 34.6 2830 2,19 25,2 

1.2-13-WAM-046 1/4/68 11.380 2.0-3.0 IM-PL 3 TRANS 21.4 5.5 34.6 2871 2,19 25,3 

1.2-13-WAM-047 1/16/68 2.257 1.76-2.26 IM-PL 3 TRANS 4.6 21.4 19.8 34.6 2823 2.19 33.5 

1.2.13-WAM-048 1/17/68 2.259 1.76-2.26 IM-PL 3 TRANS 4.6 21.4 20.9 34.6 2834 2,21 31.« 

1.2-13-WAM-049 1/17/68 2.256 1.76-2.26 IM-PL 3 TRANS 4.6 21.4 20.1 34.6 2755 2.20 29,3 

1.2-13-WAM-O50 1/22/68 2.258 1.76-2.26 IM-PL 4.5 TRANS 3B 22.5 18.9 32.8 2700 2.20 33,5 

1.2-13-WAM-051 1/22/68 2.253 1.75-2.25 IM-PL 4.5 TRAiTS 3B 22.6 5,4 32.8 2775 2,17 31,5 

(1)    Specific Impulse determined from ISCT  versus coolant  flow relationship developed  from tests where extension nozzle was used 

r 
1 
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LED CHAMBER 

iRFORMANCE SUMMARY 

MEASURED DATA PERFORMANCE DATA PERFORMANCES LOSSES % PERFORMANCE 

PCSC MRlnj wOFC 
FSL Ü eng 

IS SSL bVAC 

THEO. 
is bVAC MRDL   NGL       NFL       FCL            ERL OFC     FCL         IsVAC ^SL 

psla #/sec lbs #/sec sec sec sec sec sec      see      sec           sec 7.           X             % 7. 

MALFUNCTION OXIDIZER VALVE FAILED TO OPEN CONFIDENTIAL 

2^22 2.19 34.9 93491 345.8 270.3 288.3 329.5 5.6 2.8      3.1       23.4         6.3 10.08    7.1        87.5 86.9 

2884 2.19 34.1 98958 361.1 274.1 291.3 329.5 5.6 2.8      3.1       20.4        6.3 9.45    6.19      88.4 88.1 

2807 2.22 31.5 9587 7 351.7 272.3 290.3 329.0 5.6 2.8       3.1       70.9         6.3 8.96    6.34      88.3 87.5 

2857 2.21 30.9 98140 356.6 275.2 293.0 329.3 5.6 2.8      3.1       .^.o        6.3 3.68    5.62      89.0 88.5 

2841 2.19 30.4 97270 353.1 275.5 293.2 J29.7 5.6 2.8      3.1       18.7         6.3 8.62    5.68      88.9 88.6 

2806 2.22 29.7 96824 349.6 277.0 294.8 328.9 5.6 2.8      3.1       16.3         6.3 8.51    4.95      89.7 89.0 

2856 2.19 29.5 98394 354.9 277.3 294.9 329.5 5.6 2.8      3.1       16.8         6.3 8.31    5.10      89.5 89.1 

2756 2.20 29.8 94751 344.5 275.1 293.2 329.3 5.6 2.8      3.1       18.3         6.3 8.66    5.56      89.0 88.4 

2858 2.20 28.4 88632 354.3 250.2 255.1 296.9 NO PERFORMANCE  ANALYSIS-EXTENSION  NOZZLE  REMOVED 

1 
PERFORMANCE ANALYSIS-EXTENSION NOZZLE  REMOVED 

■ 

89.4(1) 

2854 2.20 28.5 88572 354.5 249.8 254.7 296.9 NO 89.3(1> 

2798 2.J3 29.0 86760 349.1 248.5 253.4 296.1 NO PERFORMANCE  ANALYSIS-EXTENSION NOZZLE  REMOVED 89.1^ 

2676 2.20 27.8 92069 333.4 276.1 294.8 329.4 5.6 2.8      3.1       16.8         6.3 8.34    5,10      89.5 88.8 

2786 2.20 26.4 96146 345.4 278.4 296.5 329.5 5.6 2.8      3.1       16.6         6.3 7.64    5.05      90.0 89.5 

2815 2.20 25.3 97195 345.9 281.0 299.3 329.6 5.6 2.9      3.1       13.7         6.3 7.28    4.16      90.4 90.3 

2820 2.18 25.3 97471 347.1 280.8 299.0 329.6 5.6 2.9      3.1       14.0        6.3 7.26    4.25      90.4 90.3 

2830 2.19 25.2 97636 347.9 280.6 298.8 329.6 5.6 2.8      3.1       14.2         6.3 7.21    4.26      90.3 90.2 

2871 2.19 25.3 89219 354.1 252.0 256.9 296.9 NO PERFORMANCE ANALYSIS-EXTENJ 
1 
!ION  NOZZLE  REMOVED 90.3 

2823 2.19 33.5 97292 355.0 274.0 291.5 329.4 5.6 2.8      3.1       20.3         6.3 9.43    6.07      88.5 88 J 

2834 2.21 31.6 97906 354.6 276.1 293.9 329.3 5.6 2.8      3.1       17.6        6.3 8.90    5.34      89.2 88.7 

2755 2.20 29.3 96581 348.0 277.5 295.7 329.5 5.6 .•'.8      3.1       17.0        6.3 8.43    4.86      89.7 88.7 

2700 2.20 33.5 97247 351.8 276.4 294.2 328.1 2.3 2.8      3.1       19.4        6.3 9.52    4.92      89.7 89.2 

2775 2.17 31.5 90311 359.3 251.4 256.4 296.9 NO PERFORMANCE ANALYSIS-EXTENSION NOZZLE REMOVED 

• 
89.4(1> 

islon nozzle was used. 

ARES Cooled Chamber Test Data and Performance Summary  (U) 

Figure VI-50 
Sheet  2 of 2 
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Sectional Washer Pairs for Transpiration Chambers   (u) 
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Composite Combustion Chamber 
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Oxldlzer Intenslflei  Outlet Pressure 

Oxldlzer Tank Pressure 

Oxldlzur Gt»3 Generator Tank Pressure 

Oxldlzer Surge Bottle Pressure 

Oxldlzer Discharge Pressure 

Oxldlzer Primary Combustor Injector Pressure 

Oxldlzer Gas Generstor Line Pressure 

Oxldlzer Coolunt Manifold Pressure 1 and 2 

Oxldlzer Gas Side Bouster Pressure 

Oxldlzer Turbine Inlet Pressure 

Oxldlzer Coolant Orifice Inlet Pressure (1 through 12) 

Oxldlzer Coolant Orifice Outlet Pressure  (1 through 12) 

Oxldlzer Bearing Temperature 

Oxlüizer Temperature Gas Generator Flow Meter 

Oxldlzer Temperature Primary Combustor Flow Meter 

Oxldlzer Temperature Turbine Inlet 

Oxldlzer Temperature Intensifler Outlet 

Oxldlzer Flow Meter Prlraray Combustor 

Oxldlzer Digital Flow Primary Combustor 

Oxldlzer Flow Meter Film Coolant 

Oxldlzer Flow Gas Generator 

Oxldlzer Flow Meter Nozzle Film Cotlant 

Turbine Speed Oxldlzer Pump 

Oxldlzer Valve Primary Combustor 

Oxldlzer Valve Seconary Combustor 

Fuel Tank Pressure 

Fuel Gas Generator Tank Pressure 

Fuel Surge Bottle Pressure 

Fuel Discharge Pressure 

Puel Primary Combustor Injector Pressure 

Fuel Secondary Combustor Injector Pressure 

Fuel   Gas Generator Line Pressure 

Fuel Turbine Inlet Pressure 

Chamber Pressure Gas Generator 

Chamber Pressure Primary Combustor 

Chamber Pressure Mixing Cavity 

Chamber Pressure Secondary Combustor 

Fuel Bearing Temperature 

Fuel Temperature Gas Generator Flow Meter 

Fuel Temperature Sec ndary Combustor Flow Meter 

Secondary Combustor Temperatures  (1 through 66) 

Fuel Flow Meter Primary Combustor 

Fuel Flow Meter Secondary Combus'or 

Fuel Flow Meter Gas Generator 

Fuel Digital Flow Primary Combustor 

Fuel  Digital Flow Secondary Combustor 

Turbine Speed Fuel Pump 

Fuel Valve  Primary CombiiBtor 

Fuel Valve Secondary Com'juntor 

ARES Pump-Fed Engine Flow and Instrumentation Schematic 
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ca/v Äi^-* DACD-TÄ    1    lOT 
DRAWING NO. 

k-rs     \**^t>m**       1      y^l   X    I    *^/       l_l«»^    I SHEET                  OF 

LET. DATE REVISION BY CK.D TUE     ENGINE CONFIGURATION H-2  PUMP FED 

rjjZjV^ UHIIT-IINEUI com«»iio» 

DRAWN DATE 

CHECKED 

APPROVED 

1 

1 DWG. NO. REV. i 2 3 4 5 S                                  PART NAME 
NO. 

REO'D 

E 1129668 X ENGINE CONFIGURATION,  H-2 PUMP FED 

E 28500A-9 X TURBOPUMP ASSEMBLY -  OXIDIZER 

E 285004-19 X TURBOPUMP ASSEMBLY -  FUEL 

E 703545-9 X EXHAUST PIPE  -   TURBINE 

E 708277-9 X GAS GENERATOR ASSEMBLY 

E 1122831-179 X MODULAR SECONDARY COMBUSTOR ENGINE 

CONFIGURATION 

E 1123250-19 X TRANSPIRATION COOLED CHAMBER 

E 1123184-19 X SKIRT 

E 1132900-19 X INJECTOR ASSEMBLY,  PLATELET 

E 1154703-1 X ORIFICE  PUTE 

E 1122025-9 X ADAPTER,   SECONDARY INJECTIPN 

E 1129432-9 X PRIMARY COMBUSTOR CHAMBER 

E 1129432-49 X PRIMARY COMBUSTOR CHAMBER 

E 710397-39 X PRIMARY COMBUSTOR INJECTOR 

E 246954 X VALVE,   BALL  2.50 2 

E 246954 X VALVE,   BALL  2.00 2 

E 113W64A X VALVE,   BALL  1.00 1 
1 

CONSOLIDATED CONTROLS CORP. 

E j 1132750 VALVE,   BALL  2.50  -  REWORKED  246954 

Basic Parts List 

Figure VI-63 
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CHAMBER S/N 

TEST NUMBER 025 005 006 OOT 008 009 010 on 012 013 OlU 017 018 019 

DURATION 1.157 1.016 3>998 17.251A88 3.028 2OJ06 1.521 3.081» 3-671» 1.5^2 1.52»» 1.521» 3.023 

I 
CO 

I 
8 

© 

® 

® 

® 

© 

© 

® 

© 

© 

@ 

® 

@ 

® 

2.U 3.23 4.13 3.85 3.81 2A7 2.36 2.43 1.99 3.70 
* 

1.0 .99 

^.72 5.58 2.0»* 2.0U 2.07 2.05 2.06 2.08 2.10 5.A 2.0» 2.61 

i 
5.06 5.11 

* 
3.0«» 2.31 2.35 2.32 2.31» 2.35 2.38 ^.95 2.86 2.81 

n 

I 

o 
i».6o 5.^9 6.1 6.22 5.U9 k.k6 »».26 i».i»6 

« 
3.96 •».53 6.18 5.11 

7.22 7.^0 7.92 7.69 7.50 
> # 

TO 

s 

Q 

K7" 
7.50 7.50 

o 
8.1 7.27 7.81 

CO 

8 

o 

3.^7 3.96 U.21 «».03 3-97 

wOFC'l 
0RIJ?IC N/A N/A 

2.1*9 

1.71 

2.35 

3.99 

3.27 
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}                        PLATELET CHARACTERISTICS FLOW RANGE          | 
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Figure VI-67. ' Postfire Convergent Section, Transpiration 
Chamber SN 003, Test 1.2-16-WAM-025 

Figure VI-68. Postfire Convergent Section, Transpiration 
Chamber SN 003, Test 1.2-13-WAM-OU 

Figure VI-67, Figure VI-68 
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Figure VI-69.    Postfire Nozzle Section, Transpiration 
Chamber SN 003,  Test 1.2-13-WAM-014 

Figure VI-70.    Postfire Convergent Section, Transpiration 
Chamber SN 004, Test 1.2-13-WAM-025 

Figure VI-69,  Figure VI-70 

UNCLASSIFIED 

n 
i 

■ ■% 



Am 

CONFIDENTIAL 

Report 10830-F-l, Phase I, Supplement 1 

WA       L.2  ^Sii^ 
,' 

•■ 

■* A" 

*■   > ■ %\* ■ 

• H 
c ■ / 

■ / 

■>iii                  ; s' ■fe-,. 

■ 

. 

Figure VI-71. Postfire Nozzle Erosion, Transpiration Chamber 
SN Ü05, Test 1.2-13-WAM-046 (u) 
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I 

Figure VI-72.  Postfire Chamber Erosion, SN 004.6 Transpiration 
Chamber, Test 1.2-13-WAM-049 (u) 

Figure VI-71, Figure VI-72 
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Figure VI-73. Postfire Chamber Erosion, Transpiration 
Chamber SN 003, Test 1.2-13-WAM-051 (u) 

Figure VI-74. Postfire Nozzle Streaks, Transpiration 
Chamber SN 004, Test 1.2-13-WAM-024 (u) 

Figure VI-73, Figure VI-74 
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Figure VI-76.    Platelet Injector, Upstream Side  (u) 

Figure VI-77.    ARES Cooled Thrust Chamber Test  (u) 

Figure VI-76,  Figure VI-77 
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TEMPERATURES,  0F 

COMPARTMENT ' 
1      NUMBER 

THERMOCOUPLE 
NUMBER. 

JUNCTION 
DEPTH,  IN. 

|                                                                                                                   TESTNUMBES 

1    -028 -030 -031 -032 -033 -034 -035 -036 -037 

1 1 .0070 301 332 414 
.              2 .0100 314 349 368 415 391 310 343 329 

3 .0060 313 3;0 399 450 403 225 240 235 

2 7 .0020 
12 .0020 265 433 511 514 642 

i           3 13 .0050 i      272 417 532 543 659 617 636 768 711 , 
14 .0065      ! 784 884 
15 
16 
17 

.0090 

.0060 

.0050 

U 19 .0100 303 349 
20 .0025 
24 .0090 !   332 484 851 426 527 567 556 553 561 

5 25 .0020       i i    345 222 222 610 598 
26 . 0050 1      "^ 403 434 416 425 417 365 378 374' 
27 .0030 139 118 224 320 271 314 180 163 
29 .0015      i 391 370 

6 31 .0010 j      425 693 962 276 303 304 309 373 315 
32 .0030 431 475 625 782 642 834 653 653 
33 .0020 466 494 404 387 275 313 308 282 
34 .0080       • 787 
35 .0050 543 710 161 196 189 184 218 212 
36 .0020 475 786 258 309 355 370 383 367 

7 37 .0020       | |      HI 710 1167 935 1409 1265 1264 1414 1370 
38 .0060       | 478 1327 1500 1681 1372 1003 1268 
39 .0050 574 705 632 648 734 
40 .0015       | 
42 .0060       \ 680 1292 1132 1493 1551 1505 1540 

8 *3 .0050       j \      480 7/5 665 512 645 651 708 793 727 
44 .0020 534 411 527 607 351 430 246 
46 .0025 7 «S3 953 555 
47 !      .0050 415 564 234 699 

' 

|          48 .0020 320 724 349 1411 1340 1409 1572 

9 50 .0050       | 395 317 355 503 716 607 718 817 838 

10 55 .0050 474 520 422 342 443 851 694 723 743 
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TEMPERATURES, 0F 

TEST        NU M B Y.  P, 1.2-1 3-WAM- 
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•■ 

583 594 611 623 618 629 

.7 636 768 711 881 835 
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7 365 378 374 279 291 306 376 377 370 383 399 277 
1 314 180 163 172 186 172 272 181 158 190 178 219 
1 370 

4 309 373 315 380 378 356 293 343 353 330 353 398 
2 834 653 653 337 407 
5 313 308 282 262 257 273 274 230 231 261 239 312 

9 184 218 212 253 233 350 350 399 425 423 
5 370 383 367 492 508 475 474 577 494 'rll 596 801 

5 1264 1414 1370 1468 1463 1432 1337 U44 1337 1481 1532 1427 
2 1003 1268 
8 734 

648 700 595 738 724 
1 1505 1540 1681 

1 708 793 111 
7 351 

555 
430 246 860 518 405 

D 1409 1572 

7 718 817 838 841 1004 855 817 816 892 929 

1 694 723 743 1156 1129 953 1138 1114 1269 1298 

Steady State Temperature Summary Transpiration 
Cooled Chamber,  SN  005 

Figure VI-79 
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N2O4/A-50 CORRECTED TO Ae/At - 20:1 

15 

' 1  
1 

TEST NUMBER 

.      l,2-09-WAH-006 

N   >wl. 2-09-WAM- 003 

«53I. 2-07-WA:l- 

** ■*» ^^         * 

PREDICTEI TREND              "* 

**■ ^^            1.2-07-WAM-005 

',,' "^ «»             O*^» 
1      ""-li._ 

1/22/68 

23 30 to 

CHARACTERISTIC  LENGTH   (L*),   IN. 

Figure VI-82.  Effect of Characteristic Length (L*) on 
Energy Release Loss Mark 125 (u) 

n 
o 
D 
D 
;; 

D 
0 

D 

LEGEND /        /   ,   /   &/       /&&/^      /   t^"/  ,£•/ 
©-EXCELLENT ©-FAIR 

(G) ■ GOOD         0- POOR kMiMMM 
INJECTOR /* / w $rv?f/*y &*& / 

MARK 123 4.2% © © © ® © © © 
MARK 125 CANDELABRA 3.9% © © © © © © © 
MARK 125 - 3 ORST 4.2% © © © © © © © 
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WARP  II 1.5% © © © © 0 © © 
WARP  III 1.2% © © © © © © © 
PLATELET, SHOWERHEAD 2.8% © © © © © © © 
PLATELET,  IMPINGING 0.4% © © © © © © © 

Figure VI-83.  Performance and Compatibility Characteristics 
of ARES Injector Configurations (u) 

Figure VI-82, Figure VI-83 
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FUEL TEMPERATURE = 70oF, Ag/A,. = 20:1 
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y—T)c =   10.5   IN. 

1/22/68 
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CONFIDENTIAL 

CHAMBER LENGTH Lc, IN. 

Effect of Chamber Geometry upon Energy Release Loss, 
WARP I Injector (U) 

Figure VI-84 
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Figure VI-85. Fuel Vaporization Characteristics of ARES 
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INJECTOR WARP I WARP II WARP III 

Chamuer Dla 9.5  In. 9.5  In. 9.5 In. 

No.   of Tubes 

Ox.   Injection Veloclty(l 

Fuel  Injection Velocity 

No.   Orifice Circles 
i 

Vaporization (2) 

Location (3) 

Divergence (4) 

Fuel Tube Dla. 

Oxldlzer Orifice Dla. 

753 

i90  ft/sec 

130 ft/sec 

16 

77% 

0.236 In. 

60° 

0.053  In. 

0.128  In. 

753 

400  ft/sec 

130 ft/sec 

16 

86% 

0.236 In. 

45° 

0.053  In. 

0.128  in. 

712                                } 

400 ft/sec 

100 ft/sec 

14 

89% 

0.192 In.                   | 

45°                                | 

0.0625  In.                  1 

0.128 In.                    | 

DESCRIPTION Coaxial  Injection 
elements.     Fuel tube 
Is directed axlally 
and  attached to one 
side of oxldlzer 
annulus.     The tube 
extends  to the end 
of the element. 

Coaxl.al  Injection 
elements.     The   fuel 
tube  Is directed 
axlally and extends 
only to the begin- 
ning ot  the diver- 
gent  section. 

Coaxial  Injection 
elements.     The 
fuel tube  Is dir- 
ected axlally  and  1 
extends only to 
the beginning of 
the divergent 
section.                      I 

(1) At plane of fuel Injection. 

(2) Fuel Vaporization at entrance to conical section of throat (6.2 In.) 

(3) Distance from center of outer element row to chamber wall. 

(4) Element divergent section Included angle. 

WARP I,   II and III Injector Characteristics   (U) 

Figure VI-88 
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WARP Secondary Injector Element Configurations   (U) 

Figure VI-89 
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APPENDIX I 

HEAT TRANSFER MODEL 

I. INTRODUCTION 

(U)    The cooling action of the ARES cooled surface can be considered 

to be composed of  two separate mechanisms.    The first of these is what can be 

called Internal cooling,  or the transfer of heat between the platelets and 

coolant  inside the wall  Itself.    The second mechanism is film cooling, which 

is  the suppression of heat flux to the wall as a  result of the coolants being 

injected  into the boundary  layer ^.fter they leave   the wall.     These  two 

mechanisms are coupled since the  film cooling effect which is obtained depends 

upon the  temperature of  the coolant as  it  leaves   the wall.     Similarly,   the 

heat flux into the wall and the  temperature of the  coolant as  it lea*, JS the 

surface depend upon  the  film cooling effectiveness. 

(U)     The approach which will be  taken here   is  to derive separately  the 

equations governing each of the  two mechanisms.     Once these equations are 

obtained   the computational procedure which  couples   them will be outlined. 

II. INTERNAL COOLING 

(U)     The thermal model for the  internal cooling is  shown in Figure  1. 

The wall  is considered to be composed of platelets which are "2t"  thick and 

having coolant channels between which are  "D" deep.     The  coolant enters  the 

channels  at X"0 at a  temperature T        and at a rate G per unit  cooled wall  sur- 
c ,0 

face area.     At  the end of   the platelets, at  X»L,   the platelets  are exposed   to a 

hot gas at  temperature T    with a surface film coefficient h   . 
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(U)     It will be assumed that the heat conduction In the platelets 

Is one-dlmenslonal* and  that the platelet material and coolant properties are 

not temperature dependent. 

(U)    The differential equation governing conduction in the platelet is: 

K    t    ^4    - h.   (T - T  ) (1) 
m 2 L 

where      K - platelet conductivity 
m 

hT - film coefficient between the platelet and coolant 

T - platelet temperature at X 

T ■ coolant temperature at X 

t ■ platelet half thickness 

X ■ distance from coolant inlet 

(U)  If X-direction conduction in the coolant is assumed to be negli- 

gible the differential equation describing the coolant temperature is: 

I 
f G c  t :nr p, c  dX 

dT 
G C_ t ^ - hL (T - Tc) (2) 

where      C   ■ coolant specific heat 
P»c 

G   ■ coolant weight flow rate per unit of cooled wall surface 

area 

Combining equations (1) and (2) 

dx3        dx2        dx 

*Early  in the program a  two-dimensional numerical analysis  of  the  platelet 
conduction showed  that   the one-dimensional approach  is valid  for  thin platelets. 
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where     A ■ h. /G C „ t 
T*  PiC B • W t 

lining differentlel Operator notation equation (3) can be written as: 

(D3 + AD2 - BD) T - 0 (3«) 

The solution of equation (3a} Is: 

r X     r X 
T - C1 a 

1 + C2 e 
2 + C3 (4) 

+v? + rl • - A/2 + V f  + B (5) 

•-A/a-V?* (6) 

(U) Three boundary conditions are required for the evaluation of the 

constants C^, C^, and C.. At the platelet edge (X-L) the conduction Into the 

platelet must equal the convectlve heat Input from the hot gas stream. 

at X-L. hg (^ - T) - Kn § (7) 

where h   ■ surface (gaa)  film coefficient 
8 

T   ■ hot gas temperature 

(U)    It will be assumed that the coolant Inlet (or entrance to the 
thermal Influence tone)  Is an «diabetic surface.    This gives; 

at   X - 0,     ^|- 0 (8) 
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H2T 
k  t ^4 - h. (T - T  ) 
m  dx2   L      c,o 

T   = coolant Inlet temperature 
c.o 

(9) 

(U)  Evaluating C., C., and C- through the use of equations (7), (8), 

and (9), and rearranging produces 

rlX 

T - T 
c.o 

11        r2X 

e 

T    - T 
g c,o rlL i. (r2L)        /Km] /rlL 

rp e       + r) ri k   -e B 
r2L 

(10) 

where      L - distance from coolant inlet to wall surface (platelet edge) 

(U)  It can be shown that for the range of values of interest 

rlX 

rlLl 
e   1 >> 

r   r2x 
— e 
r2 

r   r2L 
— e 
r2 

(11) 

(12) 

Employing equations (11) and (12) for simplifying equation (10) yields 

! T - T 
CjO_ 

r1(X-L) 

T - T 
g   c,o 1 + 

K r. 
m 1 

(13) 
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(U) Equation (13) relates the temperature« existing at all points In 

the platelets to the properties of the coolant, the coolant flow rate, the 

platelet material properties and thickness, and the conditions at the hot gas 

boundary. This equation Is the key equation used in the design and evaluation 

of the ARES platelets. 

(U) The film coefficient "h " whlcn exists between the coolant and the 

platelets can be evaluated using the expression for fully developed laminar 

flow between parallel plates. 

\ 

4 K 

hL - -^ (14) 

where     D - depth of coolant channel 

K - coolant thermal conductivity 
c 

This value, when used in design, is on the conservative side since it is the 

minimum value which h can possibly have.  Such things as entrance effects ind 

phase changes can only act to Increase h . 

III.   FILM COOLING 

(U) The analysis of the film cooling effect achieved by the coolant 

after it leaves the wall will be somewhat different from the type of analysis 

used with the more conventional transpiration cooling systems. Normally in 

the analysis of transpiration cooling systems the assumption is made that the 

coolant is injected uniformly over the entire surface. This assumption will 

not be made In the present analysis. Rather, the analysis will treat the prob- 

lem as one of highly refined multiple slot film cooling.  There is a twofold 

reason for doing this. First, and most important, highly refined multiple slot 

film cooling is a more accurate description of the actual physical system 
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which the model Is representing. The second reason for taking a multiple slot 

approach Is that with the results of this approach it will be possible to 

account for the effect of platelet thickness on the film cooling effectiveness. 

Obviously, this cannot be done if the model assumes uniformly distributed 

coolant injection. 

(U)  The basic approach taken is similar to that of Stollery and 
(2) 

El-Ehwany   except for some modifications to make the range of flows over 

which it is applicable somewhat broader. It is assumed that at each injection 

point the boundary layer begins to develop anew, and that the mass of gas in 

the boundary layer is composed of Injected coolant plus enough entrained free- 

stream gas to give the total boundary layer gas flow.  There is experimental 

justification for this approach.  In work performed on film cooking with 

(3) 
injection through a porous section   it was noted that the Injected coolant 

appears to simply lift the existing boundary layer off the wall.  Downstream 

of the point of injection the coolant and hot gas begin to mix, with the 

growth of the velocity profile in the coolint layer on the hot gas - coolant 

boundary not being too much unlike that of a turbulent boundary layer on a 

flat plate. 

(U)  The derivation will begin by assuming that the total mass flow rate 

in the boundary layer is composed of injected coolant plus enough entrained 

freestream gas to give the total boundary layer flow rate. 

«■HL " *c + *-    V 2 * c 

nLT - boundary  layer  flow rate 

m ■ coolant  flow rate 
c 

m * flow rate of entrained freestream gases 
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The temperature of the boundary layer "Tg." can be given by 

h,,, (nu, - m ) C   T + m T C 
p   m            BL    m HL    C PI   c  c  p.c 
BL " iL. C _. " (iL. - m ) C   + m C 

BL p,BL BL   C p,00   C p,c 
(16) 

C    ■ freestream specific heat 
P.00 

T    - freestream total temperature 

T    - temperature of coolant as It leaves tne wall 

C    • coolant specific heat 
P.c v 

C „T - boundary layer specific heat 
p,BL 

h_T   ■ boundary layer film coefficient BL 

The only unknown in eq. (16) is üL .  In general, 

n^-^udy (17) 

6 ■ boundary layer thickness 

u ■ local velocity 

p ■ local density 

y ■ normal distance from surface 

(U)  If it is assumed that similar velocity profiles exist in the 

boundary layer as it develops from the point of injection and that this 

profile is only a function of the freestream conditions then 

u - M*) (18) 

n      »a function of the  freestream Reynolds  number 

u      ■  freestream velocity 
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(U) Further assuming that a uniform density exists across the boundary 

layer and that this Is equal to the freestream density "/U" (a reasonably good 

assumption In both the chamber and throat). 

P - P, 

""BL 

6 - 
J 

o 
Poo    ^00 <f) dy ■ ^rr n+1    "    • 

(19) 

(20) 

(U)     It can be shown  that for a developing boundary  layer  the boundary 

layer thickness can be expressed 

n+1 
n+3 

nfl 

L |   (n+2)(n+3) 

2n 
(C )     n+1   .r     ii 

2 
n+1 

(21) 

Z 

C 

■ distance over which the boundary layer has  been developing 

■ a function of n, values of which are  given on Page 507 of 
Ref.   (4). 

* free stream viscosity 

Combining equation (20)   and   (21) 

n+1 
n+3 

"BL b+1, 

2n 
n+n 

n (Cn) n n 
(n+2)(n+3) 

n+3 

(P.«J 

n+1      n+1 
n+3      rt+3 

Z 

Let; RZ - a  (,ilBL/,hc) 

(22) 

(23) 
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(U) Based on the data presented by Stollery and El-Ehwany the value of 

"n" should be somewhere between .80 and .85, for the conditions encountered with 

the TRANSPIRE designs. This constant compensates to a certain extent for some 

of the assumptions made earlier, particularly as regards the temperature dis- 

tribution across the boundary layer. 

(U) The effective local boundary layer temperature can now be obtained 

by combining equations (16^, (22), and (23). 

w 
D 
D 
D 
!! 

BL T for 0 < — < 1.0 
c       m 

c 

BL 

(Rz- 

p.» 

PiC 

V - 1)  c p.- 

+ T   "BL  1.0 

+1 
p,c 

m 

(24) 

(25) 

■ 

where - freestream stagnation temperature 

R.. - 
0.82 
m 

2n 
rH-1 .. 

n+1 
n+3 

(C ) 
 n_   n 
(nf2) (iH-3) 

2 
iH-3 

(Uj 
00  00 

n+l  n+1 
n4-3  n+3 

Z 

(26) 
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(U)    In order to combine the film cooling equations with the Internal 

cooling equations,  to calculate the cooling operation of the TRANSPIRE wall, 

It Is necessary that several additional operations be performed.    The gas 

temperature "T "  In equation  (13),   and the boundary  layer temperature  "T    " 
O 

In equations (24) and (25) are In essence the same quantity. These two tem- 

peratures are not strictly equivalent, however, since T refers to an average 

driving temperature existing over the end of the platelet while T  Is a local 

temperature which varies in the direction of stream flow.  The relationship 

between these two temperatures is given by 

I>f2t 

T . D     TBL dZ (27) 
g       2t 

It should also be noted that the flow rates G of eq. (13) and m 

of eq. (24) and (26) are not the same. The relationship between them is 

A s G (2t+D) (28) 
c     Trd 

where      d ■ local chamber diameter 

(U)  The general calculational procedure in the use of these equations 

is to first select a platelet thickness, material, coolant flow channel depth, 

and design surface temperature. A coolant flow rate G and coolant temperature 

as it leaves the wall (T , ) are assumed.  With these values and the use of 

equations (24), (25), (27), and (28), a value of T is found. With this T 
S 8 

(the platelet surface temperature TL and the use of equation (13) and equation 

(29)) the originally assumed coolant temperature T   can be checked by c ,L 

(T    T   - T    T)  G C        -  h     (T    - T.) (29) c,L c,L P,c g      g        L 

where T    ,   =  coolant  temperature as  it  leaves wall c,L 
T        =  platelet  surface  temperature 
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If the assumed and calculated values of T   are considerably different a new 

value of T   should be assumed and the calculation procedure repeated. If the 
c,L 

assumed and calculated values are very nearly equal the platelet surface tem- 

perature T Is checked to see how It compares with the desired design value. 

If It Is either too high or too low the. coolant flow rate Is Increased or 

decreased and the procedure repeated. If the calculated surface temperature 

Is about equal to the desired value the design Is finished at this poln". 

(U)  There Is a comment which should be made relative Co the evaluation 

of equations (25) and (27).  As they now stand they tacitly assume that once 

the coolant in the boundary layer has traveled the thickness of one platelet, 

it is lost to the cooling system and no more cooling benefit is derived from 

it.  This lack of film cooling carryover from one platelet to the next can be 

compensated for by assuming that the freestream gas feeding the boundary layer 

is composed of the boundary layer coming off the preceding platelets. 

(U) The entire design procedure given above has been programmed on a 

digital computer. Film cooling carryover from the two platelets upstream of 

the one being analyzed has also been included. 

IV.    PLATELET HYDRAULIC EQUATIONS 

(U) The coolant flow in the platelet flow control channels is laminar. 

The pressure drop - flow relationship employed for these channels is the equa- 

tion for fully developed laminar flow in rectangular passages. 

«- if?3 (f) 'T - <••". ä 

Q ■ volumetric flow rate 

a - channel width 

Ü ■ channel depth 

U  ■ coolant viscosity 
AP 
-rr - pressure gradient in the channel 
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(U) The validity of this equation for these small passages has been 

proven in numerous flow tests of both the test units used in this program and 

other programs. 

(U) Entrance and exit losses although generally very small are also 

taken into consideration. 
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UNCLASSIFIED ABSTRACT 

(U)   This report summarizes the Phase I work of ARES Program, Contract 

AF 0A(611)-10830.  The period of performance was Irom 1 July 1965 through 

31 January 1968. 

(U)   The objective of this program was to demonstrate the engineering 

practicality and performance characteristics of a high chamber pressure, staged 

combustion engine. The program was to be conducted in two phases. Phase I 

was to demonstrate critical engine features by component testing. Demonstration 

of the assembled engine system was to be accomplished in Phase II. 

(U)   Phase I is now completed and all critical engine features have been 

demonstrated.  This engine concept is ready to proceed into the Phase II 

program.  Specific accomplishments of the Phase I program are as follows: 

(1) Master layouts for two engine designs were established.  One uses 

a turbopump with the shaft axis oriented perpendicular to the thrust axis, 

while the other uses a turbopump with the shaft axis oriented in line with 

thf: thrust axis. 

(2) A master layout was established for a propulsion system utilizing 

20 engine modules in a cluster, with all modules exhausting into a single large 

forced-deflection nozzle. 

(3) Detail designs for all the engine components tested in this 

program were prepared. 

(4) The primary injector and combustion chamber for production of the 

turbine drive gas were demonstrated. 

(5) Performance and durability of the cooled thrust chamber and 

secondary injector combination were demonstrated. 
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(6) The feasibility of lubricating turbopump bearings with the 

storable propellents used In the engine was demonstrated. 

(7) Pump wear ring designs that permit high pump efficiency operation 

without need for high tolerances and wltn no risk of explosion hazard from 

pump rub were demonstrated. 

(8) The weight and practicality of two types of multipurpose housings 

for the turbopump and primary combustion chamber assembly were demonstrated. 

(9) Propellent flow control components and shutoff valves for the engine 

were demonstrated. 

(10) A layout design of the engine evolved from the testing effort was 

prepared. 

(11) Several supporting studies were completed that provide additional 

design criteria In such areas as nozzle aerodynamics, low-frequency stability, 

fluid flow characteristics of propellant and turbine drive-gas passages, and 

design changes required for conversion to advanced storable propellents. 
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